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Abstract 
The concern about the pollution created by the use of mineral oil based lubricants and 
the depletion stock of petroleum has inspired research on alternative lubricants known as 
biolubricants. The tribological performance of vegetable oils (palm oil and soybean oil) as 
biolubricants and their blends with mineral oil and anti-wear additives was evaluated in 
order to assess their potential use in automotive engines. The tests were performed using a 
reciprocating ball-on-flat test-rig at severe contact conditions with grey cast iron 
specimens. The performance was compared with a commercial mineral engine oil for 
benchmarking purposes. 
At severe contact conditions, the friction and wear results of vegetable oil lubricants 
were found to be greatly influenced by the wide hardness range of the grey cast iron 
specimens. The measurement of hardness on the intended wear scar region prior to testing 
was used in order to provide more robust tribological data. In a pure oil state, the palm oil 
performance was found to be competitive in friction coefficient with mineral engine oil. 
However, the mineral oil is far superior in wear protection over vegetable oils due to the 
additive package it contains its superior oxidative stability  
For a vegetable oil-mineral oil blend in equal ratio, the reduction of friction and 
wear was not significant. However, the addition of 2% zinc dialkyl dithiophosphate in 
vegetable oils gave significant improvement on the friction and wear. The friction 
coefficient of palm oil with this additive was very close to the commercial mineral engine 
oil. The zinc dialkyl dithiophospate in vegetable oil was found to perform three functions; 
as an anti-wear agent, anti-oxidant and friction modifier. The blend of vegetable oils with 
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boron nitride, however, did not give better results. This could be mainly due to the 
selection of particles size which was not suitable with the surface roughness. 
When putting all the results together, the downside of pure vegetable oils is found 
to be greater in terms of wear resistance and oxidative stability compared to friction. This 
effect was prominent when they were blended with mineral oils where their tribological 
performance dominated. However, with the commercial anti-wear additive, specifically the 
zinc dialkyl dithiophosphate, the vegetable oils showed positive signs as a potential 
candidate to be used as an alternative lubricant in automotive engine systems even though 
there is still much room for improvement. 
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Nomenclature 
a   Radius of circular region    m 
A   Nominal contact area     m
2
 
A
’
   cross sectional area of ploughing track  m
2
 
Ar   Real contact area     m
2 
d   Track width of wear scar    m 
E
’
   Effective elastic modulus    Pa 
F   Friction force      N 
Fs   Shearing force      N 
Fp   Ploughing force     N 
G   Dimensionless material parameter   m 
hmin   Minimum film thickness    m 
H   Indentation hardness     N/m
2 
Hmin   Dimensionless minimum film thickness  - 
k   Thermal conductivity     W/mK  
k   Elipticity parameter     - 
K   Thermal diffusity     m
2
/s 
K   Wear coefficient     - 
L   Wear scar length     m 
lb   Effective diffusion length    m 
N   Normal load      N 
p, P   Contact pressure     N/m
2 
Pe   Peclet number      - 
Q   volume removed per unit sliding distance  m
3
/m 
q   Heat generated per unit area    W/m
2
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r   Radius of curvature     m 
r   Ball radius      m 
Ra   Average surface roughness    m  
Rq   R.m.s of surface roughness     m  
Rx, Rx   Effective radius in x and y direction   m  
S   Shearing strength     N/m
2
 
Tb   Total contact temperature    C 
Tc   Bulk material temperature    C 
Tnom   Nominal contact temperature    C 
Tf   Flash temperature rise     C 
U   Dimensionless speed     - 
V   Velocity      m/s 
Vw   Total wear volume     m
3
 
w   Wear scar width     m 
w   Applied load      N 
W   Dimensionless load     - 
µ   Coefficient of friction     - 
o   Absolute viscosity at atmosphere pressure  Pa.s 
   Poisson ratio      - 
   Lambda factor      - 
*   R.m.s of surface roughness of two surfaces  m 
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Chapter 1:   Introduction 
1.1 Motivation for research project 
Friction develops during relative motion of contacting surfaces. It is a force that 
resists the motion which then leads to heat and increases surface temperature. In 
machinery applications, friction is needed in the case of vehicle braking systems, clutches, 
belts and pulleys. However, in other situations like bearing support systems and the piston 
ring interface, friction is undesirable and needs to be reduced as much as possible. An 
increase of friction in an engine causes mechanical energy loss and consequently more fuel 
to be used in order to perform the same work. In addition, the engine quickly overheats 
and its working parts may wear or seize due to excessive friction.  
Wear is associated with the interaction between two surfaces and more specifically 
the removal and deformation of the surface due to the rubbing action of the surfaces. In 
most cases wear occurs through surface interaction at asperities. Components in an 
automotive engine may experience failure and need to be substituted after relatively little 
material has been removed or if the surface is roughened due to excessive wear. 
A lubricant is normally applied to the contacting surfaces in order to minimise the 
friction and wear. In an automotive engine, the piston ring and the cylinder liner are 
lubricated by oil to ensure optimum engine performance and wear protection. Lubricants 
smooth the movement and facilitate the transfer of heat and thus, cool the engine parts. It 
also cleans the internal engine components by flushing out the small particles of metal and 
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dirt. Proper design of lubricant systems may contribute to quieter engine operation and an 
increase in engine life. 
Commercial lubricants used currently in automotive engines are mainly based on 
mineral oil (MO) due to its availability, performance and cost. However, these factors 
could not be maintained in the future as the base stock of petroleum is non-renewable and 
concerns over environmental pollution of mineral oil have increased [1, 2]. Several studies 
have predicted the timing where the peak of conventional oil production would reach [3-
5]. For example, Wood [3] has foreseen 12 peaks (Figure 1.1) based on annual production 
growth rates (0 to 3%) of world oil and the United States Geological Survey (USGS) at 
5%, 95% probability and mean (expected value) of recoverable oil resources volumes. 
Wood shows that the minimum and maximum peaks were estimated at year 2021 and 
2112, a range of 91 years. Once the conventional oil hits its production peaks, all Wood’s 
scenarios suggest that a catastrophically rapid depletion of oil will occur. 
The pollution of the environment caused by mineral oil is one of the concerns and 
could not be taking too lightly. The oil spillage into the land and water may happen mainly 
due to human negligence which may be caused by the spillage of used engine oil or 
petroleum crude oil. In the ocean, the oil spill may come from the oil tankers and offshore 
oil platforms. It was reported that the total volume of oil lost to the environment from 2010 
until 2015 was about 33,000 tonnes in which the total number of spillages involving oil 
more than 700 tones was 11 cases (Table 1.1) [6]. An oil spill can cause problems for 
plant, animal and human life. Floating oil on water prevents sunlight from passing through 
it making it difficult for plants and sea animals to survive. 
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Figure 1.1: Prediction of world conventional oil production scenarios [3] 
 
 
Table 1.1: Annual number of oil spills from 2010 to 2015 [6] 
 
Year 7-700 tonnes >700 tonnes 
2010 5 4 
2011 4 1 
2012 7 0 
2013 5 3 
2014 4 1 
2015 6 2 
Total 31 11 
With this in mind, the research on biolubricants as an alternative lubricant to 
mineral oil has received increasing attention. Biolubricants are formulated from renewable 
base stocks such as vegetable oils or esters derived from them. Unlike mineral oil, 
biolubricants are absolutely biodegradable and less toxic which means they are more 
environmentally friendly [7, 8]. However, there are some shortcomings of the vegetable 
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oils lubricants such as poor oxidative stability that could affect to their tribological 
performance. In view of this, a tribological investigation needs to be implemented of the 
vegetable oils lubrication in order to investigate their possible use as biolubricants in 
automotive engine systems. 
1.2 Problem statement 
A great deal of research has been conducted on investigating the tribological 
performance of vegetable oils as biolubricants. Typically, vegetable oils have been tested 
in various forms including their pure state [9-19]; blended with other oils [20-23]; 
formulated with additives [12, 16, 24-34] and with modification through chemical 
synthesis [18, 28, 30, 35-39]. Their results can be found in many literatures, some of which 
have claimed that the vegetable oil base lubricants gave better friction reduction and wear 
resistance compared to the commercial lubricants [9, 12, 15, 18-22, 25, 27, 29, 31, 35, 37].  
Although extensive research has been carried out on the performance of vegetable 
oils on friction and wear, most are limited to unidirectional sliding test rigs (four-ball-
tester [9, 11-13, 15, 20, 24-26, 28-31, 36-39] and pin-on-disc [10, 16, 18, 19, 21-23, 25, 
32-34] ) with steel and aluminium alloys as counterface materials. In addition, many of the 
tribological tests reported were run at a lubricant temperature less than 100 C [9-15, 17-
22, 25, 26, 28-30, 32, 34-39] which is inappropriate for higher temperature lubricant 
applications such as oil in a sump of an internal combustion engine [40].  
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In investigating the potential use of vegetable oils in an automotive engine, setting 
up a tribological test that replicates the motion of piston ring in an internal combustion 
engine is one of the crucial matters. In view of this, the combination of a sliding 
reciprocating test rig with grey cast iron, tested at a temperature close to engine oil sump 
temperature is more suitable. A higher contact pressure is also preferred in order to 
evaluate the lubricants performance at a more extreme environment which beyond the 
typical contact pressure of a piston ring (10
4
~10
5
 Pa) [41]. Expansion of engine 
components might be possible during the failure of a cooling system. This would promote 
a higher contact pressure, lead to excessive wear and consequent failure of machine parts.  
Therefore, in this work, the friction and wear performance of the vegetable oils 
were evaluated at a lubricant temperature 100 C by a reciprocating test rig. A point 
contact with an initial contact pressure > 1 GPa was applied, leading to a severe contact 
condition. Careful attention has also been emphasised on the use of grey cast iron 
specimens as the wide hardness range that inherently exists in its properties might cause 
inconsistency of friction and wear data.  
1.3 Aim, objectives and scope of research 
1.3.1   Aim 
The aim of this project was to investigate the tribological performance of vegetable 
oils as biolubricants in order to assess their potential application in automotive engines. 
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1.3.2   Objectives 
To achieve the aim above, four main objectives of this research were identified: 
i. To investigate the tribological response of grey cast iron specimens to vegetable oil 
lubrication; 
ii. To benchmark the tribological performance of pure vegetable oils with commercial 
mineral engine oil; 
iii. To investigate the tribological performance of vegetable oils blends with mineral 
oil at equal ratio; 
iv. To improve the tribological performance of vegetable oils through the use of 
additives. 
1.3.3   Scopes of research 
To ensure the research was feasible within the time available, the following scope 
was defined: 
i. The vegetable oils used were limited to palm oil and soybean oil only  
ii. The tribological tests were conducted by a reciprocating sliding point contact test 
rig 
iii. The test parameters were fixed at one test condition only 
iv. The tribological investigation was performed on flat specimens of grey cast iron 
v. The additives used were limited to commercial antiwear additives 
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1.4 Outline of the thesis 
This thesis has been divided into eight chapters. Chapter 1 introduces the 
motivation of this research project in general. The problem statement is then defined in 
order to specifically identify the research gaps that have been left by the previous 
researchers which need to be undertaken in this study. The project’s aim, main objectives 
and the scope of work are also stated. 
 Chapter 2 describes the literature survey related to biolubricants work that have 
been published so far. It begins from the general background of knowledge on vegetable 
oils and then followed by the tribological results found in the previous work. Some of the 
tools that have been used in analysing the test results like theoretical calculation and 
statistical analysis are also explained. 
 Chapter 3 is a detailed explanation of materials and experimental methods that are 
related to this research. This includes the specimens and lubricants used, the test rigs 
involved as well as the measurement or inspection techniques for the lubricants and worn 
specimens.   
 The analysis and discussions of the test results begin in Chapter 4. In this chapter, 
the response of wide hardness range of grey cast iron on lubrication performance is 
investigated. A measurement method of specimens’ hardness prior to test is also proposed 
in order to produce more robust friction and wear results.  
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In Chapter 5, the benchmarking of oil performance between the pure vegetable oils 
with commercial engine oil is presented which includes the friction, wear and lubricant 
properties. This is to provide baseline data for further improvement of the vegetable oils. 
In Chapter 6, the analysis of the effect of vegetable oil-commercial mineral engine 
oil blends on friction and wear is reported.  
Chapter 7 describes attempts to improve on how the vegetable oils are formulated 
with commercial anti-wear additives. The significant improvement in terms of friction and 
wear is discussed. 
Chapter 8 highlights the major tribology outcomes found in Results and 
Discussions chapters (Chapters 4-7). They are linked together to establish the relationship 
of each chapter to the overall aim of the study. 
Finally, Chapter 9 summarises all findings from the test results found in Chapter 4, 
5, 6, 7 and 8. It also suggests some of the future work that might be performed for further 
improvement. In line with this, the list of publications papers from this work are also 
presented.   
1.5 Novelties of the project 
As stated in the Problem statement (Section 1.2), many of previous experimental 
works on biolubricants studies were carried out on unidirectional test rigs (either four-ball-
Chapter 1 
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tester or pin-on-disc) and the lubricant temperature was set at a low temperature (less than 
100 C). In order to assess the potential use of vegetable oils in automotive engines, more 
appropriate test conditions which are closer to its system are required.  
Thus, the novelties of this study are distinguishable through the combinations of the 
methodologies and material which are presented simultaneously. They can be highlighted 
as several points below: 
(i) Due to wide hardness distribution of the grey cast iron, the hardness of the 
specimens used in this study was measured directly on the intended wear scar 
region prior to friction and wear tests.  This was to minimise the error or 
inconsistency of friction and wear results. Most of the previous studies used a 
bulk hardness value to represent the specimens’ hardness. 
(ii) The use of a reciprocating test rig (bidirectional) in this study is more 
appropriate for replicating the motion of a piston ring in an internal 
combustion engine compared to previously performed by the four-ball tester 
or pin-on-disc machine. 
(iii) The lubricant temperature was set to a higher temperature (100 C) which is 
the typical lubricant temperature in a sump of car engine. Running a test with 
a lubricant temperature close to room temperature is not suitable for 
automotive engine applications as performed previously.  
(iv) The contact pressure used in the tests is higher than that typically found in 
the piston ring system contact. The higher pressure is important in preparing 
the environment for the lubricants to serve at more severe contact conditions. 
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Severe contact conditions replicate the worst case scenario that possibly to 
occur during the failure of engine cooling system. 
Based on the above combinations, the use of palm oil and soybean oil with the 
mineral oil blends and commercial antiwear additives have narrowed down the novelties 
into very specific area of study. 
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Chapter 2:   Literature review 
In this chapter, the previous research works related to this project are presented. It 
begins with general background knowledge of tribology (friction, wear and lubrication) 
and basic chemistry aspects of vegetable oils and oxidation process. This is followed by a 
literature survey related to the objectives of this study. The previous work regarding grey 
cast iron hardness and its tribological performance are also reviewed. 
2.1 Friction 
Friction is a resistance force to tangential motion between two surfaces in a 
contact. The laws of friction were published by Guillaume Amontons (1663-1705) which 
stated that the friction force is proportional to the normal load applied and independent of 
the apparent area of contact [42]. The friction force, F can be stated by the basic equation: 
𝐹 = 𝜇𝑁 (Equation 2.1) 
where  is called the coefficient of friction (COF) and N is the normal load. 
Thereafter, Bowden and Tabor developed a more detailed model of metallic 
friction. They described the friction force as a summation of two components; the adhesive 
force, Fs and ploughing force, Fp  [43] in which: 
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𝐹 =  𝐹𝑠 + 𝐹𝑝 (Equation 2.2) 
During the relative motion of two contacting bodies, the adhesion force is required 
to shear the contacting junctions where the adhesion occurs, while the ploughing force is 
needed to plough the asperities of the harder surface through the softer surface. Bowden 
and Tabor [43] suggested that the contact occurred only at the surface asperities. This 
contact area is known as the real contact area, which is very small, and independent of the 
apparent area of contact. This real contact area is also proportional to the applied load 
where the asperities could deform. These come to a formula stating that:  
    𝐹 = 𝐴𝑟 . 𝑆 + 𝐴′𝑝 (Equation 2.3) 
where Ar is the real contact area, S  is the shearing strength of metallic junctions, A’ is the 
cross sectional area of the ploughing track and p is the pressure to cause plastic flow of the 
softer metal (close to the indentation hardness value [44]). When the load is applied, the 
asperities of the softer material deform at the contact region until the real area of contact is 
sufficient enough to support the load. In this situation N=pAr. Equation 2.4 then can be 
written as: 
𝐹 =  
𝑁𝑆
𝑝
+ 𝐴′𝑝 
 
(Equation 2.4) 
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Finally, the coefficient of friction is given by: 
  =
𝐹
𝑁
=  
𝑆
𝑝
+
𝐴′𝑝
𝑁
 (Equation 2.5) 
Bowden and Tabor [43] showed that the ploughing force for ball-on-flat contact is 
also dependent on the ploughing track width, d and radius of curvature, r of the contact 
and can be derived as: 
𝐹𝑝 =
𝑑3𝑝
12𝑟
 
(Equation 2.6) 
and this theoretical result agreed with test data (Figure 2.1). 
 
Figure 2.1: Effect of track width on the ploughing force of indium with a flat steel for dry 
and lubricated surfaces [45]. The line is the predicted value. 
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2.1.1   Tribometer and friction force measurement 
Prior to performing a tribological research, it is very important for a researcher to 
understand the system of a test rig or tribometer. Most of the tribometers used for 
experimental work in tribology are commercially available and designed in a small scale in 
order to replicate the application in the real system. They include four-ball-tribometers, 
pin-on-disk-tribometers and linear reciprocating friction testers.  A close application for 
the four-ball-tribotester could be a ball bearing system while the pin-on-disk could 
duplicate the disc brake system. A sliding motion in a linear reciprocating friction tester 
could replicate the piston ring motion in an internal combustion engine. Typical 
configurations of commercial tribometers with the direction of normal load applied are 
shown in Figure 2.2. 
 
Figure 2.2: Typical configuration of commercial tribometer where normal load is indicated 
by arrows; (a) ball-on-disc, (b) reciprocating pin-on-flat, (c) four-ball, (d) block-on-wheel, 
(f) flat-on-flat and (f) pin and vee-block [46]. 
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The basic set-up in friction force measurement for a tribometer is by applying a 
normal load between two contacting bodies that have a relative motion (one body is 
moving while the other partner is static). The normal force then should be adjustable so 
that it could be increased gradually until a measurable tangential force is detected by a 
force measurement device. For evaluating the friction force, F in the linear reciprocating 
test rig, a spring balance is sometimes used in order the produce an adjustable normal load, 
N that applied to the contacting bodies. A calibrated load cell is normally attached to the 
static body as a friction force measurement device. The coefficient of friction is then 
calculated by dividing the friction force, F by the value of normal load, N. 
2.1.2   Friction behaviour during running-in of sliding contact 
Running-in is a process of changes in friction and/or wear in tribosystem prior to 
steady state when two contacting surfaces are in contact under a normal load and relative 
motion. The running-in process is an effective way of matching two contacting 
components and gives important clues to system designer for identification of various 
contributions to overall friction performance of machines. In order to achieve long-term 
service life, some machines (for example a new engine) are exposed to certain running-in 
procedure after assembly. There are eight common shapes of running-in behaviour 
(friction-time curves) in metal sliding contact that were categorised by Blau [47] based on 
his literature survey of the tribology tests conducted in the early 1980s (Figure 2.3) [48]. 
Table 2.1 indicates some of the possible causes for each type of curve. From the outcome 
of his research, Blau [47] concluded that there was no evidence that these eight curves 
were representative of specific contact conditions [48]. 
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Figure 2.3: Eight typical forms of initial friction behaviour during running-in process [48]. 
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Table 2.1: Possible causes of friction running-in behaviour as shown in Figure 2.3 (adapted 
from [48]). 
Type Occurrence Possible Cause(s) 
a Contaminant surfaces (i) A thin film of lubricious contaminant is worn off the sliding 
surface [48]. (ii) Effects of component temperature rises due to 
sliding friction [49]. (iii) Mechanical disruption of surface oxide 
films with increasing metallic contact [50]. (iv) contact 
geometry changes [51]. 
b Boundary-lubricated 
metals 
Surfaces wear-in; initial wear rate high until the sharpest 
asperities are worn off and surface becomes smoother [52]. 
c Unlubricated oxidised 
metals, often observed 
in ferrous or 
ferrous/nonferrous pairs 
Wear-in, as in type (b), but with the subsequent development of 
a debris layer (debris accumulation)  or excessive transfer of 
material [52]. 
d Same as type (c) Similar to type (c), but the initial oxide film maybe more 
tenacious and protective [52]. 
e Coated systems; also, 
systems in which wear 
is controlled by 
subsurface fatigue 
processes. 
Wear-through of a coating; or subsurface fatigue cracks grow 
until debris is first produced. The debris then creates third 
bodies, which induce a rapid transition in friction. Sometimes a 
few initial spikes in friction signal the onset of this transition 
[53]. 
f Clean, pure metals. Crystallographic reorientation of regions in near surface layers 
reduces their shear strength and lowers their friction [54]. 
Alternatively, the initial roughness of the surface is worn off, 
leaving smoother surfaces [48]. 
g Graphite on graphite; 
metal on graphite. 
Creation of a thin film during running-in; debris or transfer 
produces a subsequent rise in friction [48]. 
h Hard coatings on 
ceramics. 
Roughness changes, then a fine-grained debris layer forms [55]. 
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2.1.3   Frictional heating and contact temperature rise 
Part of the mechanical energy used to slide a material in frictional contacts 
dissipates as heat energy. This energy dissipation is known as frictional heating which may 
contribute to an increase in the temperature of the two sliding bodies. Frictional heating 
and temperature rise in sliding contacts could affect on the tribological behaviour and 
failure of the sliding components. Increase in surface temperature sometimes is sufficient 
to cause melting of material, surface oxidation and possible changes of the structure and 
material properties at the contacting areas [56]. The surface temperature on the sliding 
bodies could be measured experimentally or estimated by calculation. The total contact 
temperature ( 𝑇𝑐 ) at a given point can be estimated based on the summation of three 
components [56]: 
𝑇𝑐 = 𝑇𝑏 + ∆𝑇𝑛𝑜𝑚 + ∆𝑇𝑓 (Equation 2.5) 
where 𝑇𝑏 is the bulk material temperature, ∆𝑇𝑛𝑜𝑚is the nominal (or mean) contact 
temperature and ∆𝑇𝑓 is the short duration flash temperature rise at the various asperity 
contact. 
In the case of a stationary heat source on moving body (with circular region of 
radius, 𝑎), the maximum flash temperature rise can be approximated as [56]: 
∆𝑇𝑓𝑚𝑎𝑥 =  
2𝑞𝑎
𝑘√𝜋(1.273 + 𝑃𝑒)
 
 
(Equation 2.6) 
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where 𝑞 =  𝜇𝑃𝑈 is the rate of heat generated per unit area (W/m2), 𝜇 is the coefficient of 
friction, 𝑃 is the contact pressure (N/m2), 𝑎 is the radius of circular region (m), 𝑘 is the 
thermal conductivity (W/mK), 𝑃𝑒 is the Peclet number = 
𝑉𝑎
2𝐾
 , 𝑉 is the velocity (m/s) and 
𝐾 =  
𝑘
𝜌𝑐
 is the thermal diffusivity (m2/s). 
The nominal surface temperature rise is an additional surface temperature due to a 
heat source that passes repeatedly over the same point on the surface. The nominal surface 
temperature rise for the moving body is determined by [56]:  
                      ∆𝑇𝑛𝑜𝑚 = 𝑞𝑛𝑜𝑚 
𝑙𝑏
𝑘
 
 
(Equation 2.7) 
where 𝑞𝑛𝑜𝑚 = 𝑞
𝐴𝑟
𝐴
 , 𝐴𝑟 is the real contact area (m
2
), 𝐴 =  𝜋𝑎2 is the nominal contact 
area (m
2
), 𝑙𝑏 =
𝑎
𝜋1/2
tan−1 [
2𝜋𝐾
𝑎𝑉
]
1
2
 is the effective diffusion length (m). 
2.2 Wear 
Wear can be defined as progressive loss of substance from the operating surface of 
a body occurring as a result of relative motion at the surface [57]. The basic mathematical 
model of the relationship between wear rate and normal load is given by the formula 
(Archard wear equation): 
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𝑄 =
𝐾𝑁
𝐻
 
(Equation 2.8) 
where Q is the volume removed from the surface per unit sliding distance (m3/m), N is the 
normal load applied to the surface (N) and H is the indentation hardness of the wearing 
surface (N/m
2
) and K = wear coefficient. Archard equation is limited to a linear 
relationship between the normal load, sliding distance, material hardness and wear volume. 
Provided that the K, N and H are remain constant during wear test, the volume of material 
lost from the surface is directly proportional to the relative sliding distance or experiment 
time [57]. 
 
Figure 2.4: Common curves of non-linear sliding wear behaviour [58]. 
 
Typical wear behaviours of sliding contact for non-induced wear transition is 
shown in Figure 2.4  in which they can be influenced by the material selection in a 
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tribosystem [58]. It shows that the wear progress (Curve “A” in Figure 2.4) can be taking 
place at different stages; wear increases quickly through wear-in process, development of a 
period of stable wear (steady-state) and wear increases again during wear-out stage. In the 
case of mild wear at the beginning of the sliding process (Curve “B”), at a lower normal 
load, the initial wear transition is likely to stay longer (incubation stage) prior to the onset 
of wear-in process.  
The study of wear transitions requires an accurate method for in situ wear 
measurement. In some cases where the continuous wear measurement is impractical (due 
to the limitation of test rigs), some researcher chooses to stop the test rig periodically in 
order to measure the wear [59]. However, this method is susceptible to a possibility of 
inducing an alignment error in contact region when reassembling the specimens for the 
second time. Thus, the development of a device for in situ wear measurement without 
disturbing the running conditions is still becoming an important area in wear research. 
2.2.1   Wear measurement methods  
Wear is involving progressive loss of material and thus, mass loss is frequently 
used as a measure of wear. This is performed by measuring the mass of a specimen before 
and after the test. Other than mass loss measurement, calculation of wear volume could 
also be performed based on geometry of the wear scar of a worn specimen (length and 
width) which can be measured by a profilometer. For example, a typical top view of wear 
scar on flat specimen in the case of ball-on-flat linearly reciprocating sliding wear test is 
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shown in Figure 2.5. The total wear volume, Vw is then calculated based on the formula 
given by [60]: 
𝑉𝑤 = 𝐿 {𝑟
2 sin−1 (
𝑤
2𝑟
) −
𝑤
2
√𝑟2 −
𝑤2
4
} +
𝜋
3
{2𝑟3 − 2𝑟2√𝑟2 −
𝑤2
4
−
𝑤2
4
√𝑟2 −
𝑤2
4
} 
(Equation 2.9) 
where w  is the wear scar width (m), L is the wear scar length (m) and r is the ball radius 
(m). 
 
Figure 2.5: Top view of typical wear scar produced on flat specimen by ball-on-flat 
linearly reciprocating wear test. The calculation of wear volume is based on divided region 
of wear scar, A and B [60]. 
The use of other equipment with the aid of software could also facilitate the 
measurement of wear scar geometry. For example, Sharma et al. [60] proposed a method 
for calculating the wear volume for a ball-on-flat reciprocating sliding wear test by an 
optical microscopic technique. In this technique, the geometry at different positions of the 
worn section were measured by focusing and defocusing on the flat surface of the sample. 
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Although there are several methods in measuring wear, the accuracy of wear volume 
calculation is limited to wear scars of ‘uniform’ shape. In the case of non-uniform shape of 
wear scar produced on the surface, the mass loss measurement method is a better choice. 
2.2.2   Wear mechanisms  
Wear initiates when there is insufficient protection between two contacting 
surfaces. The process by which wear occurs on the surfaces is commonly known as the 
wear mechanism. It is very important to understand and identify the mechanisms of wear 
before a step can be taken in order to control wear. There are four main classes of wear 
mechanisms namely: adhesive wear, abrasive wear, surface fatigue wear and chemical 
wear.  
2.2.2.1 Adhesive wear 
In the adhesive wear mechanism, material is removed through a sliding process 
when surface asperities come into contact under a normal load. The material transfer 
(typically from softer to harder material) is initiated by a micro-welding process occurring 
at two contacting asperities when sufficient heat is generated and followed by a material 
shearing process (Figure 2.6). In order for the adhesive wear to take place, fracture must 
occur in the subsurface of one of the materials (Figure 2.7). The formation of transfer films 
is a characteristic feature of adhesive wear where material is transferred from one surface 
to another before being released as a wear particle (Figure 2.8).  
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Figure 2.6: Mechanism of adhesive wear [61]. 
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Figure 2.7: Formation of fracture in the subsurface of materials due to adhesive wear [62]. 
 
Figure 2.8: Example of adhesive wear appearance (Al-Si alloy transfer film onto a piston 
ring) [44]. 
2.2.2.2 Abrasive wear 
Abrasive wear occurs when hard particles (wear debris) or hard protuberances 
(asperities) are forced to slide on the contacting surfaces. When abrasive wear is produced 
by the hard particles, it is called three-body abrasive, while two-body abrasive is caused by 
a harder asperities penetrating into a softer material (Figure 2.9). In abrasive wear, material 
is removed by a ploughing or microcutting process which is influenced by factors such as 
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particle size, shape and material hardness. A typical appearance on a worn surface caused 
by abrasive wear is shown in Figure 2.10. 
 
Figure 2.9: Schematic of three-body and two-body abrasive wear model [61]. 
 
Figure 2.10: Example of abrasive wear appearance [62]. 
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2.2.2.3 Fatigue wear 
The fatigue wear occurs on the surfaces when repeated stress cycling in a rolling or 
sliding contact occurs. Cracks or fracture can be developed after a sufficient number of 
fluctuating stresses and strains as shown in Figure 2.11. Fatigue wear can be visualised 
microscopically by surface pitting and spalling (Figure 2.12) which are caused by 
subsurface shear stresses that exceed the material shear strength. 
 
Figure 2.11: The process of surface crack initiation and propagation [44]. 
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(a)
 
(b)
 
Figure 2.12: Examples wear scar appearances due to fatigue wear mechanism. (a) Spalling 
wear and (b) Pitting wear [61]. 
Another type of wear which can be categorised as a subset of fatigue wear is 
delamination wear as a result of subsurface cracks. In delamination theory, which was 
proposed by Suh [63] (Figure 2.13), dislocations are generated at sub-surface due to 
continuous loading. Pile-ups of dislocations then occur and lead to the formation of voids 
due to the inclusions (hard particles) that are contained in most engineering material. The 
voids will coalesce leading to cracks parallel to the surface. This ends up with the removal 
of a thin layer of material in the form of sheet-like laminar particle. A typical appearance 
on a worn surface caused by delamination wear is shown in Figure 2.14[52]. 
 
Figure 2.13: Crack formation at subsurface by growth and link up of voids [44]. 
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Figure 2.14: Example of delamination wear appearance [52]. 
2.2.2.4 Chemical Wear 
Chemical wear (corrosive wear) occurs when a sliding process take place in a 
corrosive environment. Corrosion can occur as a result of a chemical or an electrochemical 
reaction on the metal surfaces from the lubricant or corrosive contaminants such as salts, 
water and acids. The mechanism of corrosive wear is shown in Figure 2.15 in which 
pitting is normally produced on the worn surface. Chemical wear in air is generally called 
oxidative wear since the most dominant corrosive medium is oxygen. Chemical wear can 
be controlled by the use of appropriate inhibiting additives. An example of a worn surface 
due to chemical wear is shown in Figure 2.16. 
 
Figure 2.15: Mechanism of corrosive wear [64]. 
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Figure 2.16: Example of chemical wear of cast iron due to sulphuric acid [44]. 
2.3 Lubrication 
In order to reduce friction and minimise wear between two contacting materials, a 
lubricant is applied to the contacting surfaces. A lubricant reduces the friction by providing 
a low shear strength layer between both surfaces which is less than the material shear 
strength [44]. A good lubricant may also play other important roles such as heat transfer, 
removal of contaminants and reducing corrosion. Two forms of lubricants are available; 
solid lubricants and liquid lubricants. Solid lubricants are in the form of powder lubricants 
such as molybdenum disulphide and graphite. Liquid lubricants are typically those derived 
from base oil with the addition of additives in order to improve the performance.  
2.3.1   Lubrication Regimes 
As described in Section 2.3, a lubricant’s primary function is to provide a 
protective layer that reduces friction and minimises wear between two surfaces. However, 
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the magnitude of the normal load between the contacting surfaces gives different level of 
lubrication conditions, which may be classified into different lubrication regimes. 
Lubricants operate under three common lubricating regimes that comprise of 
hydrodynamic, mixed and boundary lubrications. A summary of lubrication regimes can 
be explained by the Stribeck curve (Figure 2.17) which is a plot of a fluid-lubricated 
bearing system that presents the coefficient of friction versus N/P, where  is the 
lubricant viscosity, N is the rotational speed and P is the load per unit projected bearing 
area. 
 
Figure 2.17: Stribeck curve showing different lubrication regimes which related to 
coefficient of friction, speed and lubricant viscosity [56]. 
Hydrodynamic, also known as full film lubrication is the condition when the 
contact load between the sliding surfaces is fully supported by a relatively thick film 
between them (> 0.25 μm [56]). Metal-to-metal contact is avoided under this lubrication 
regime, making the friction coefficient solely depended on the lubricant viscosity (at a 
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constant load and speed). Elastohydrodynamic is a subset of hydrodynamic lubrication in 
which the contact load is sufficiently enough for the surfaces to elastically deform during 
the hydrodynamic action. The lubricating film is normally very thin (typically 0.025-5 μm 
thick) [56] compared to the film thickness formed in hydrodynamic lubrication.  
The mixed lubrication regime deals with either; lower speed, higher load or higher 
temperature that significantly reduces lubricant viscosity. Under this condition, the 
asperities of the contacting surfaces at some areas will occasionally come in to contact.  
In boundary lubrication, the lubricant film thickness is thinner (1-3 nm [56]) than 
the height of some of the asperities and there is considerable asperity contact. This occurs 
when the speed is reduced or the load is increased. Boundary lubrication represents a more 
severe contact condition compared to other lubrication regime. It is found in engine 
contacts (i.e., between the piston ring and cylinder liner) during the first half of the power 
stroke when crank angle is 0 to 90 (Figure 2.18) [65]. Under this lubrication condition, 
the physical and chemical properties of thin surface films are significant.  
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Figure 2.18: Cyclic variation of specific film thickness,  between a top compression ring 
and the cylinder wall showing the lubrication regime [65]. 
2.3.2   Mineral oil based lubricants 
Mineral oils produced by the refining process of crude oil are the most common 
lubricants used in industry. Typical applications of mineral oils are in engines and turbines. 
Mineral oils can be classified into three types based on the chemical structure which 
comprise of paraffinic (straight and branched hydrocarbons), naphthenic (cyclic carbon 
molecules) and aromatic (benzene type compounds) (Figure 2.19). The existence of 
different molecule structure in the mineral oils may influence to the physical properties of 
the lubricants. For example, the viscosity-temperature characteristics between paraffinic 
and naphthenic oils are significantly different [44]. 
Commercial mineral engine oils are those mineral oils blended with additives. 
Additives are synthetic chemicals which serve to improve existing properties or introduce 
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new properties in the base oil. Additives may represent about 1 to 25% of a lubricant [64]. 
The main types of additives in lubricating oil are listed in Table 2.2. 
 
Figure 2.19: Types of mineral oils which include (a) straight paraffin, (b) branched 
paraffin, (c) naphthene and (d) aromatic [44]. 
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Table 2.2: Types of additives used in lubricating oil (adapted from [108]). 
Types of additive Purpose Example 
Anti-oxidants to delay the oil ageing process zinc dialkyl 
dithiophosphates 
Viscosity Modifiers to give a desired viscosity 
index 
olefin copolymers, 
polyalkylmethacrylates 
Detergents and 
Dispersants 
to keep oil-insoluble 
combustion by-products in 
suspension and prevent the 
agglomeration of the oxidation 
products into solid particles 
calcium phenates, 
polyisobutene 
succinimide 
Anti-foam Agents to prevent foaming of 
lubricants 
polydimethylsiloxanes 
Anti-wear and 
Extreme Pressure 
Additives 
to reduce wear zinc 
dialkyldithiophosphates 
Friction Modifiers to reduce friction coefficient Molybdenum disulfide 
Corrosion Inhibitors to protect the metal surface 
from the attack of oxygen and 
moisture 
petroleum sulfonates 
Pour-point 
Depressants 
to enable a lubricant to flow at 
low temperatures 
polymethacrylates 
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2.3.3   Lubricant Additives 
Lubricant additives are chemicals added to base oils to provide certain 
characteristics to the finished oil. The limits of the properties that exist in the base oils 
have caused them to be unable to meet the demands of a high performance lubricant. 
Additives work in a variety of ways such as to improve the properties of the existing base 
oil, suppress unwanted properties and introduce new features to the base oil. Proper 
formulation of the lubricant additives and the base oils are capable of enhancing the 
tribological performance of oil especially in the application of the boundary lubrication. 
For this purpose, additives are usually blended with a base oil in order to minimise friction, 
improve wear resistance, increase viscosity, improve viscosity index, control corrosion, 
improve oxidation stability, increase the life span and reduce contamination. The general 
classification of lubricant additives includes: friction modifiers, anti-wear and extreme 
pressure additive, anti-oxidants, corrosion control additives, contamination control 
additives, viscosity improvers, pour point depressants and foam inhibitors. In line with the 
scope of this research, only the first three of the additives above (friction modifiers, anti-
wear and extreme pressure additives and anti-oxidants) will be discussed in this section. 
2.3.3.1 Friction Modifiers 
Friction modifiers are an important additive type in boundary lubrication, which act 
under the mechanism of adsorption (physical or chemical adsorption) to form a “carpet” of 
molecules on the substrate surface (Figure 2.20) and are used to reduce surface friction and 
prevent stick-slip phenomena [44]. Typically, they are polar chemical compounds with a 
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high affinity for metal surfaces and possessing long alkyl chains. Friction modifiers for 
base oils can be divided into three groups: organic friction modifiers, organo-molybdenum 
compounds, and nanoparticles [66].  
 
Figure 2.20: Adsorption lubrication mechanism by boundary additives (adapted from 
[44]). 
The organic friction modifiers which were discovered almost a century ago [67], 
are generally long chain hydrocarbon with polar end groups. They include carboxylic acids 
[68, 69], esters [70], alcohols [71], amines [72], polymers [66, 73] etc. Their polar end 
groups are attached to the metal surface by either physical adsorption or chemical reaction, 
while the hydrocarbon chains extend into the lubricants. Fatty acids are typical additives 
used in the group of carboxylic acid. Their friction behaviour in hexadecane solution using 
a ball-on-disc tribometer were found to be influenced by their acid types, where a saturated 
fatty acid (stearic acid) gave a lower friction coefficient compared to its unsaturated 
counterpart (oleic acid) (Figure 2.21) [74]. The behaviour of the saturated fatty acid as a 
linear configuration was suggested to promoted a more closely-packed monolayer to be 
formed on the surface [68] which contributed to the lower friction result [74]. However, 
application of carboxylic acids as an additive in an engine oil or transmission fluid is 
currently reduced because they were found to be corrosive to the engine bearings [75]. 
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Figure 2.21: Friction versus sliding speed for 0.01 M fatty acids in hexadecane solution at 
35 °C and 100 °C [74]. 
The organo-molybdenum compounds which were recognised in the 1980s [67] are 
efficient additives as they can reduce friction and wear in the boundary lubrication regime 
[76-78]. They can be divided into three groups (Figure 2.22): sulphur containing and 
phosphorus-free compounds, i.e., molybdenum dithiocarbamates (MoDTC); sulphur and 
phosphorus-containing compounds, i.e., molybdenum dialkyldithiophosphates (MoDTP); 
and sulphur and phosphorus-free compounds, such as molybdate [79]. It is suggested that 
the friction reduction on the rubbing surface was related to the formation of tiny nano-
sheets of molybdenum disulphide (MoS2) with a special lamellar-type structure [67] and 
that produce a low shear strength material [66, 80]. For example, it was reported that the 
MoS2 was formed together with the molybdenum oxides from the degradation of MoDTC 
on the contact surfaces by the tribochemical reaction [81]. Another interesting property of 
the organo-molybdenum compounds is that instead of working as a friction modifier, they 
could also perform as anti-wear additives as both MoDTC and MoDTP were found to 
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reduce friction and wear [82]. In addition, it was reported that the MoDTP has good anti-
wear properties in a mineral oil [83] while the molybdate and MoDTC exhibit better anti-
wear synergisms with zinc dialkyldithiophosphates (ZDDP) [78, 79]. 
 
Figure 2.22: Three types of organo-molybdenum friction modifiers [67]. 
Recent research and development activities in the field of chemistry and nano-
technology have provided the possibility of producing a friction modifier based on 
nanoparticles [84]. Nanoparticles are particles in the size range of 2-120 nm [66] that 
variously consist of metals (e.g. copper, Cu), metallic oxides (e.g. copper oxide, CuO and 
titanium dioxide, TiO2), borates and phosphates, fullerenes, inorganic fullerenes, or oxides 
and nitrides of boron [67]. They are added into lubrication oils as friction modifiers to 
reduce friction and wear [84-86]. It was reported that their tribological performance as a 
friction modifier is influenced by factors such as the structure of the nanoparticles, size, 
shape and concentration [87]. There are three mechanisms by which the nanoparticles may 
reduce the friction which are pressure dependent, as proposed by Joly et al. (Figure 2.23) 
[88]. Particle rolling can occur at low pressure which is subject to the particles’ shape and 
hardness. At moderate pressure the particles remain intact, but slide against the bounding 
surfaces. At higher pressures the particles are crushed to form a low shear strength layer-
lattice film and thus, give a lower friction coefficient [88].  
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Figure 2.23: The three main mechanisms of friction: rolling (A), sliding (B) and 
exfoliation (C). The lower substrate is fixed while the upper substrate is slit to the left. The 
red mark is a reference point of a nanoparticle [88]. 
2.3.3.2 Anti-wear and Extreme-pressure Additives 
Anti-wear and extreme-pressure (EP) additives protect rubbing surfaces from 
metal-to-metal contact and thus minimise wear and prevent seizure under a boundary 
lubrication condition. Anti-wear additives serve to form surface films in minimising the 
wear rate, whereas EP additives are expected to react rapidly with a surface under severe 
distress (higher load) to prevent more catastrophic damage such as scuffing, galling, and 
seizure [89]. Some EP additives tend to be very reactive and may influence the oil 
oxidative stability [90], and others are corrosive to metals [91, 92] and can reduce the life 
span of machine components [93]. EP additives are not typically used in motor oil. They 
should only be used when the lubricant is subjected to severe distress conditions such as in 
a gear tooth contact. A wide variety of anti-wear and EP additives are available and 
include phosphate esters, sulfurized olefins (EP additives), borates, phosphites, metal 
dithiophosphates and metal dithiocarbamates [94]. Of the additives classification listed 
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above, the zinc dialkyldithiophosphates (ZDDP) are still widely used in engine oil even 
though it was first developed in the 1940s [95]. 
ZDDP is synthesised by the reaction of alcohols with phosphorus pentasulfide 
(P2S5) to produce dialkyldithiophosphoric acid. It is then neutralised by the zinc oxide to 
give the product as is shown in Figure 2.24 [96]. A large volume of research has been 
conducted to comprehend the lubrication mechanism performed by the ZDDP [95, 97, 98]. 
The mechanism starts with the formation of the layer which consists of the organic iron 
compound and ZDDP decomposition compound (OIC) and metal oxides mixed with the 
metallic substrate (OMM) on the metal surface (Figure 2.25) [99]. During sliding, the 
ZDDP is decomposed to produce a glassy zinc and iron polyphosphate which mixes with 
the OMM layer and provides the  wear resistant behaviour. Next, the organic ZDDP 
compound can generate the simultaneous formation of OMM and OIC layers at elevated 
temperature and loading. Anti-wear pads of iron phosphates and a durable anti-wear film 
containing higher concentrations of S, Zn, and P is then formed (known as OIC-Zn film). 
As sliding continues, the OMM layers could wear out, but the OIC-Zn films form a strong 
protection layer from wear. In addition, the OIC-Zn films can induce a film formation of 
iron oxide, metallic iron, and iron carbide. These ZDDP induced films have much higher 
loading capacity and serve as an anti-wear and anti-scuffing film to protect steel substrates 
[99]. 
Chapter 2 
42 
 
 
Figure 2.24: Method for the preparation of zinc dialkyldithio-phosphate (ZDDP) [96]. 
 
Figure 2.25: Antiwear film formation mechanism by ZDDP [99]. 
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2.3.3.3 Anti-oxidants 
Oxidation stability is an important aspect in the field of lubrication and should be 
properly controlled. Engine oil is more susceptible to undergo a process of oxidation 
compared to other lubricants due to the condition of the internal combustion engine. For 
example, the presence of oxygen during the combustion process, the production of heat 
and the presence of metallic materials on engine components such as copper and iron can 
act as an effective catalyst for oxidation. Oxidation of a lubricating oil generally increases 
its viscosity and results in the formation of the acidic compounds and hydroperoxides, 
which may promote corrosion, particularly of hard alloy bearings [100]. Therefore, it is 
very important for the oxidation stability of an engine oil to be maximised. Antioxidants 
are additives that protect the oxidative degradation of lubricating oil, allowing them to 
meet the demanding requirements for use in engines and industrial applications. 
There are three steps as the oxidation process takes place; initiation, propagation 
and termination [44]. During the initial stage, a free radical is generated by breaking a 
bond with a hydrogen atom from a hydrocarbon molecule. The free radical is a very 
reactive chemical that can react with oxygen to form a peroxy radical. A peroxy radical 
then may react with another hydrocarbon molecule to form hydroperoxides during the 
propagation stage. Finally, two radical species can react with each other to form a stable 
compound. This is known as the termination stage because it removes free radicals from 
the system. 
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The existence of antioxidant may disrupt the oil degradation process by destructing 
the free radicals and peroxy radicals. This can be performed through the use of radical 
scavengers and peroxide decomposers. The radical scavengers are known as primary 
antioxidants inhibits oxidation by reacting with free radicals, interrupting the radical chain 
mechanism of the auto-oxidation process to form stable molecules [101]. Hindered 
phenolics and aromatic amines are the two chemical classes of primary antioxidants for 
lubricants [100]. The peroxide decomposers are known as secondary antioxidants act by 
specifically decomposing the peroxy radicals. Sulphur and phosphorus compounds may 
reduce the alkyl hydroperoxides in the radical chain to alcohols while being oxidised. The 
ZDDP, phosphites, and thio-ethers are examples of different chemical classes of secondary 
antioxidants. 
Several effective antioxidants classes have been developed over the years and have 
seen use in engine oils, automatic transmission fluids, gear oils and metal-working fluids. 
The main classes of oil-soluble organic and organo-metallic antioxidants include the 
following types: sulphur compounds[102], phosphorus compounds [103], sulfur-
phosphorus compounds [100], amine compounds [104], hindered phenolic compounds 
[105], organo-zinc compounds, organo-copper compounds and organo-molybdenum 
compounds [100]. 
2.4 Vegetable oils 
Vegetable oils are those oils extracted from plant seeds like palm oil, soybean oil 
and rapeseed oil. They are essential elements in food preparation because they act as 
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medium for cooking or frying. While most of the vegetable oils are suitable for cooking 
(known as edible oils), there are several types of vegetable oils that are unsuitable for 
human consumption due to the presence of toxic components in the oil [106]. These oils 
are categorised as non-edible oils which include karanja oil, jojoba oil and jatropha oil. 
There are nine major vegetable oils produced by several countries around the world [107]. 
Palm oil and soybean oil are two types of vegetable oils that have the largest production 
volume (Figure 2.26). 
 
Figure 2.26: Production in million tonnes of nine major vegetable oils from 2012/13 to 
2015/16 (adapted from [107]). Production data are often reported in harvest years such as 
2012/13. 
The chemical structure of vegetable oil is constructed from glycerol and fatty acids 
known as triglycerides. Triglycerides are an ester derived from one molecule of glycerol 
(an organic alcohol) bonding chemically with three fatty acids (an organic acid) as shown 
in Figure 2.27. Apart from the existence of triglycerides in vegetable oils, it is also a type 
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of fat (lipid) that can be found in human blood whose function is to store excessive 
calories and convert them into energy.  
 
Figure 2.27: Structure of triglycerides 
Fatty acids can be classified into two main categories; saturated and unsaturated, 
based on the number of double bonds existing in their carbon chain. Stearic acid and 
palmitic acid, for example, have no double bonds in their carbon to carbon chain and are 
grouped as saturated acids. Unsaturated acids are those constructed with double bonds in 
their carbon chain and comprise of ‘mono’ and ‘poly’ unsaturated groups. 
Monounsaturated fatty acids are those with one double bonds in their carbon chain such as 
oleic acid. If the fatty acid consists of two or more double bonds, they are classified as 
polyunsaturated acids. Linoleic and linolenic acid are examples of polyunsaturated fatty 
acid. The molecular structure of the fatty acid groups is depicted in Table 2.3 [109]. While 
a saturated fatty acid is a linear molecule, the double bonds in an unsaturated fatty acid 
cause the structure to bend. 
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Table 2.3: Classification of Fatty Acids (adapted from [109]) 
Fatty acids group Number of 
double bonds 
in 
hydrocarbon 
chain 
Example Molecular structure 
Saturated  0 Stearic 
acid 
 
Monounsaturated 1 Oleic acid 
 
Polyunsaturated 2 Linoleic 
acid 
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A fatty acid is an organic polar molecule which contains a carboxyl group (COOH) 
in its chain. The polarity of the fatty acid causes one end of its molecule (carboxyl group, -
COOH) to be attracted to the metal surface, while the other end (alkyl group, -CH3) is 
repelled from the surface. This process is known as physical adsorption (physisorption) 
which involves intermolecular forces like van de Waals and is able to provide a mono-
molecular layer which serves to minimise friction on the surface (Figure 2.28a) [110]. 
Another adsorption mechanism of fatty acids on a metal surface is called chemical 
adsorption (chemisorption). This involves some degree of chemical bonding between 
carboxyl groups and a metal surface (substrate) via electron exchange with substrate atoms 
(Figure 2.28b) [110]. An example of this is stearic acid molecules that adhere on an iron 
oxide surface (Figure 2.28c) to form iron carboxylate [111].  
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(a) 
 
(b) 
 
(c) 
 
 
 
Figure 2.28: (a) Mechanism of physisorption of fatty acid molecule [110], (b) Model of 
chemisorption of fatty acid molecule on metal surfaces [110] and (c) chemisorption of 
stearic acid on iron oxide surface [111]. 
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2.4.1   Palm oil 
Palm oil is an edible vegetable oil extracted from the fruit of palm trees and grown 
mainly across the region of the equator. Production and exports of this oil are dominated 
by two South East Asian countries; Indonesia and Malaysia. It was reported that in 
2015/16 Indonesia was producing 32 million tonnes, which is 54 % of global palm oil 
production; for Malaysia these figures were 17.7 million tonnes and 30% respectively 
[107]. 
At room temperature, palm oil is a semi-solid and thus, requires a treatment process 
to make it viable as a liquid at room temperature. Palm oil can be fractionated into fluid 
part (palm olein) and solid part (palm stearin) through further process such as refining, 
bleaching and deodorising. However, the palm olein contains higher levels of oleic acid 
(46%) and linoleic acid (11%) compared to palm oil (Table 2.5) making it more 
unsaturated which means more susceptible to oxidation. Some of the properties of palm 
olein are listed in Table 2.4 as a comparison to commercial mineral engine oil (15W40) 
properties [112]. 
Table 2.4: Properties of palm olein and soybean oil (adapted from [112-115]) 
 Palm Olein Soybean Oil Mineral 
Engine Oil 
(15W40) 
Density (mg/ml) 0.8975 0.9075 0.873 
Viscosity 
(cSt) 
@ 40 C 45.9 30.52 110 
@ 100 C 9.4 7.42 15.0 
Viscosity index 195 224 142 
Acid number (mgKOH/g) - 0.10 2.8 
Pour point (C) 5 -9 -30 
Flash point (C) 320 314 204 
  
 
 
5
1
 
Table 2.5: Fatty acid composition of major vegetable oils (adapted from [114]) 
 
Oil 
Unsaturated/ 
Saturated 
Ratio 
Saturated 
Mono-
unsaturated 
Poly-
unsaturated 
Alpha 
Linolenic acid 
C18:3 Capric 
acid 
C10:0 
Lauric 
acid 
C12:0 
Myristic 
acid 
C14:0 
Palmitic 
acid 
C16:0 
Stearic 
acid 
C18:0 
Oleic acid  
 
C18:1 
Linoleic 
acid  
C18:2 
D
eg
ree o
f u
n
satu
rated
 in
creases 
Coconut Oil 0.1 6 47 18 9 3 6 2 - 
Palm Kernel Oil 0.2 4 48 16 8 3 15 2 - 
Palm Oil 1 - - 1 45 4 40 10 - 
Palm Olein 1.3 - - 1 37 4 46 11 - 
Cottonseed Oil 2.8 - - 1 22 3 19 54 1 
Peanut Oil 4 - - - 11 2 48 32 - 
Olive Oil 4.6 - - - 13 3 71 10 1 
Soybean Oil 5.7 - - - 11 4 24 54 7 
Sunflower Oil 7.3 - - - 7 5 19 68 1 
Rapeseed Oil 15.7 - - - 4 2 62 22 10 
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2.4.2   Soybean oil 
Soybean oil has the second largest production volume of vegetable oils (Figure 2.26) 
around the world. China and the United States are two major producers of soybean oil, 
followed by Brazil and Argentina [107]. It was reported that in 2015/16 production term, 
China was producing 14.6 million tonnes of soybean oil which is equivalent to 28 % of total 
production globally, while the United States was in second place with 9.9 million tonnes 
production (19 % of total production) [107]. 
Crude soybean oil (also known as unrefined oil) can be produced by using a hydraulic 
press without the use of chemicals. However, this process is not widely used because of cost 
constraints and gives lower output. Refined soybean oil can be produced from soybeans 
through processes such as cleaning and cracking before they are rolled into flakes. The 
extraction process is performed in which a solution of hexane is used to extract oil from the 
flakes. This oil will then go through the process called degumming and refining before the 
refined soybean oil is produced [116]. The composition of free fatty acids and concentrations 
of minor constituents are reduced in refined soybean oil compared to unrefined oil (Table 
2.6) [117].  
Soybean oil is relatively more unsaturated compared to palm oil due to a higher 
content of linoleic and linolenic acid (Table 2.5). These fatty acids are essential for human 
nutrition, but they have the disadvantage of providing oxidative instability to the oil. Some 
alteration has been made to the soybean oil through a hydrogenation process [118] and 
genetic modification [119] in order to modify fatty acid composition for oxidative stability 
improvement.  
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Table 2.6: Composition for crude and refined soybean oil [117] 
 
2.4.3   Oxidation of oils 
Most materials will react when exposed to oxygen, but it depends on the degree of 
reaction of that particular material with oxygen. For example, when exposed to heat, air and 
moisture during a frying process, vegetable oils could oxidise rapidly. Normally, the 
initiation of vegetable oil oxidation can be identified by the smell of oil rancidity. Other clues 
that show oxidation occurs in a lubricating oil (mineral oil) include an increase in oil 
viscosity and acid number (Figure 2.29) [44, 120] which indicate that acids are produced 
during the oxidation process. Changes in oil viscosity indicate that the oil has undergone a 
thickening process in which changes in the molecular structure occur resulting in the start of 
the polymerization process [114]. There was a sharp increase in the oil viscosity after 120 
hours of oxidation time and at 150 hours the viscosity was about 8 fold (Figure 2.29). A 
similar trend can also be seen with oil acidity, expressed as Acid Number. An oil that is 
severely oxidised needs to be replaced because it causes loss of power due to increased 
viscous drag and corrosion in an engine components [44]. 
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Figure 2.29: Effects of oil oxidation on acid number and viscosity of mineral oil [44]. 
2.4.3.1 Mechanism of vegetable oil autoxidation 
Oxidation stability of vegetable oils is influenced by the level of unsaturated bonds. 
Vegetable oils with a higher level of unsaturated fatty acids are more easily oxidised. The 
presence of a double bond in the carbon chain of the fatty acid serves as an active area for the 
oxidation reaction [121]. In addition, a more double bond exists in the carbon chain of a 
vegetable oil, the more susceptible the oil is to oxidation [122]. The general oxidation 
mechanism is shown in Table 2.7 [123].  
At the initial stage of the vegetable oil oxidation process, free radicals are formed 
from hydrocarbon molecules by removal of hydrogen atom from the methylene group next to 
the double bond. The presence of oxygen will then accelerate the reaction with free radicals 
to form peroxy radicals. Hydroperoxide with another free radical can then be formed when 
the peroxy radicals attack the hydrocarbon molecule. This propagates the oxidation process. 
 
Chapter 2 
 
55 
Table 2.7: Mechanism of oil autoxidation (adapted from [123]) 
Radical formation RH  R + H 
Peroxide formation R + O2  ROO 
Hydroperoxide formation (propagation) ROO + RH  ROOH + R 
 
Note: RH is a hydrocarbon; R is a radical; R is a free radical; H is a 
hydrogen ion; ROO is a peroxy radical and ROOH is a hydroperoxide 
radical (an organic acid) 
2.4.3.2 Oil oxidation impact on lubrication 
The study of the effects of hydroperoxides on the tribological performance of 
vegetables is very limited. The increase in wear scar diameter with ageing of coconut oil and 
soybean oil was found to be strongly related to the formation of hydroperoxides. The 
formation of hydroperoxides in coconut and soybean oil was influenced by ageing (Figure 
2.30) [124] in which the hydroperoxide level for soybean oil rose significantly after 28 days 
compared to coconut oil. The increased level of hydroperoxides has shown a significant 
effect on wear (Figure 2.31).  
The difference of hydroperoxide level in coconut and soybean oil has been explained 
in terms of their fatty acid composition [124]. Coconut oil, which is enriched with saturated 
fatty acids, is better in oxidation stability compared to soybean oil, which has a higher level 
of unsaturated fatty acids. The double bonds in unsaturated fatty acids are highly susceptible 
to oxidation, leading to the destruction of triglyceride structure and the formation of various 
oxidation products. As hydroperoxide builds up, some of them decompose forming various 
secondary products [123]. It is believed that the increase of wear was due to a continuous 
reaction between these hydroperoxides and its derivatives with the surface [124].  
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Figure 2.30: Effect of ageing on peroxide number for coconut and soybean oil [124]. 
 
Figure 2.31: Effect of ageing on wear for coconut and soybean oil [124]. 
 
The impact of hydroperoxides on the lubrication performance of mineral oils has been 
studied by Newley et al. [125] and Habeeb and Stover [126].  A close relationship was 
observed between increased wear and peroxide accumulation (Figure 2.32) [125]. However, 
the wear and level of hydroperoxide was reduced when an anti-oxidants, peroxide 
decomposers and radical scavengers added into the lubricant reduced both peroxide 
accumulation and wear [125]. The role of hydroperoxides in engine wear with anti-oxidant 
package (zinc dialkyl dithiophosphate) in commercial engine oil has been investigated [126]. 
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While there was a little wear observed in fresh oil, addition of hydroperoxides caused a 
tremendous increase in wear which was related to the concentration (Figure 2.33). The 
increase in wear was suggested to be due to oxidative attack on the metal surfaces [126]. 
 
Figure 2.32: Influence of wear on hydroperoxide level in lubricant oil [125]. 
2.5 Tribological performance of vegetable oil lubricants 
Tribological performances of vegetable oils as biolubricants have been reported in 
many experimental studies mainly by bench experiments. The tests can be classified into four 
areas (depending on nature of oil) typically comprising pure oil [9-19]; blended with other oil 
[20-22]; formulated with additives [12, 16, 24-28] and with modification through chemical 
synthesis [18, 28, 35-39]. 
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(a) 
 
(b) 
 
Figure 2.33: (a) Wear of fresh engine oil and (b) the effect of hydroperoxide (t-BHP) at 
difference concentration (HPN) on wear [126]. 
2.5.1   Performance of pure vegetable oil lubricants 
The essential step in assessing the potential of vegetable oils as biolubricants is by 
running the test in their pure oil state.  This is important because base stocks have a strong 
influence on the fluid lubricant chemical and tribological properties [127]. The pure 
vegetable oils that have been evaluated tribologically include; coconut oil [12], safflower oil 
[10], corn oil, rapeseed oil [128], jojoba oil [129], olive oil [14], castor oil [14], palm oil [15] 
and soybean oil [38]. Of the various tribological experiments conducted on vegetable oils, 
very few of them provide a scientific explanation in supporting their friction and wear results. 
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A comparative study of sixteen commercial pure vegetable oils with mineral lubricant 
and synthetic esters was conducted using a reciprocating ball-on-disc tribometer by Gerbig et 
al. [14]. Gerbig simulated two wear mechanisms with a ball-on-disc contact; the adhesive 
mechanism by using same material for ball and disc (AISI 52100) and abrasive mechanism 
by using alumina (Al2O3) as the disc. It was found that under the tests representative of 
adhesive wear, only linseed, olive, walnut and safflower oils showed a stable low friction 
coefficient (COF ~ 0.11) while the rest of the oils presented unstable friction curves. While 
olive and safflower oils gave the lowest friction, their wear result also gave the lowest value 
in wear resistance. However, the vegetable oils were far behind from the mineral oil and 
synthetic esters in terms of friction and wear performance. Under abrasive wear conditions, 
all oils showed steady and low friction values (COF = 0.11 to 0.13). However, in terms of 
wear, significant differences were found in which sesame and castor oils showed the least 
abrasive wear damage. Gerbig’s tests concluded that the tribological performance of the 
vegetables oils depends strongly on the tribosystem (material used and contact condition). 
Another comparative study of vegetable oils performance has been that of Reeves et 
al. [130] on the influence of fatty acids on tribological performance. Using pin-on-disc testing 
at ambient conditions, their investigation attempted to link the fatty acids composition with 
the friction and wear in eight types of vegetable oils. Reeves provided a standard for 
quantifying the fatty acid concentrations in vegetable oils by defining unsaturation number 
(UN) which refers to the average number of double bonds. It was found that the avocado oil 
with the lowest in unsaturation level (UN = 0.985) shown the best tribological performance 
with the lowest friction (COF= 0.0201) and wear (0.1037 mm
3
) when compared to other 
vegetable oils (Figure 2.34). Contrary to this, soybean oil with UN = 1.451 showed higher 
friction (COF= 0.4059) and wear (0.3839 mm
3
). They concluded that the friction and wear 
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could be reduced through formation of a monolayer which serves to minimise the metal-to-
metal contact by saturated and monounsaturated fatty acids (oleic acid in avocado oil) [131]. 
More double bond presence in the fatty acids (linoleic acid in soybean oil) however, 
decreased the density of the fatty acid monolayer [130].  
 
 
Figure 2.34: (a) Friction and (b) wear results of eight vegetable oils using pin-on-disc tester 
performed at ambient temperature by Reeves et al [130]. 
The hypothetical explanation of Reeves et al. [130] regarding the influence of fatty 
acids on the formation of monolayer was supported by experimental results of saturated and 
unsaturated fatty acids in sunflower oil conducted by Fox et al. using a ball-on-plate test rig 
[131]. It was reported that increasing an unsaturation level in the fatty acids (stearic, oleic, 
linoleic in ascending order), which means increasing number of double bonds, has increased 
the wear and friction in boundary lubrication (Figure 2.35). Fox suggested that the stearic 
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acid which has no double bond is aligned linearly on the surface thus, it was closely packed 
and served as a strong protective layer. On the other hand, the presence of double bonds in 
both oleic and linoleic acids will force a bend in the chain and they become more difficult to 
pack close together, resulting in a weaker protective layer.  
 
 
Figure 2.35: (a) Effect of saturated (stearic) and unsaturated fatty acids (oleic and linoleic) in 
sunflower oil on wear and (b) friction at 1% weight of fatty acids in sunflower oil (adapted 
from Fox et al. [131]). 
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The explanation provided by Reeves et al. [130] and Fox et al. [131] however, 
contradicts with the adsorption test result of unsaturated fatty acids on steel conducted by  
Lundgren et al. [132]. It was revealed that the amount of unsaturated fatty acids in two 
spreading solvents (hexadecane and heptamethylnonane) adsorbed on steel surfaces was 
increased with increasing in unsaturation of the fatty acids (Figure 2.36). Lundgren analysed 
the area per molecule and collapse area of fully protonated fatty acids [133] and linked them 
with the adsorption result; these area increased as the unsaturation of fatty acids increases 
[132]. In another test of Lundgren et al. [134], using surface force apparatus, they 
investigated the influence of unsaturation in fatty acids on friction on mica surfaces. It was 
however, reported that the friction coefficient increased with increasing unsaturation (Table 
2.8) which agreed with the two different load regimes seen for linoleic acid. 
Table 2.8: The influence of unsaturated fatty acids on friction coefficient (µ) and film 
thickness (D) running at different speed (0.4, 4 µm/s) and adsorption time (1, 24 hours) [134]. 
Note: Linoleic acid showed two regimes of friction coefficient with increasing load, 
corresponding to two different film thicknesses. 
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Figure 2.36: The amount of (a) oleic acid, (b) linoleic acid and (c) linolenic acid in n-
hexadecane () and heptamethylnonane () solutions adsorbed on steel surface [132]. 
Interest in investigating the effect of vegetable oil oxidation on wear and friction 
performance also arises among researchers. Using a four-ball-tribotester, Jagadeesh et al. [11] 
was comparing five types of vegetable oils with their oxidised version on boundary 
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lubrication. It was observed that the oil viscosity, peroxide level, fatty acid composition and 
wear scar diameter were increased with ageing duration and oil temperature. However, 
Jagadeesh reported that the friction coefficient for oxidised oils was reduced. He linked this 
situation with the build-up of free fatty acids during oxidation and thus, facilitating the 
formation of metallic soaps with low shear strength. 
2.5.1.1 Tribological performance of palm oil and soybean oil 
Palm oil (PO) and soybean oil (SBO) are the two types of vegetable oil that have the 
highest consumption globally (1995 to 2015) when more than 100 million metric tons were 
produced [135]. Chemically, these two oils differ by virtue of different fatty acid makeup 
(both type of and percentages of) (Table 2.5). PO has a higher level of saturated fatty acids 
compared to soybean oil. Saturated fatty acids that exist in palm oil like palmitic acid and 
stearic acid have no double bond in their carbon chain and are thus less reactive to oxidation. 
PO has exhibited outstanding oxidation stability when tested at 180C [136]. SBO, on the 
other hand, has a higher level of unsaturated fatty acids which contain carbon double bonds in 
their chemical structure and thus is vulnerable to oil oxidation [137, 138]. However, these 
unsaturated fatty acids (linoleic acid and alpha-linolenic acid) could increase the melting 
point, thus SBO has higher liquidity at a lower temperature than PO. 
Research works in comparing the tribological performance between PO and SBO are 
limited to a four-ball-tribotester [9, 11] and results were not consistent between researchers. 
For example, Jagadeesh [11] reported that, at 400N of load and 75 C of oil temperature, PO 
has lower coefficient of friction (COF) and produced less wear compared to SBO. However, 
at lower loads of 147 N and 392 N (ASTM D4172) Syahrullail [9] found that although the 
PO has a lower COF than SBO, in terms of wear resistance, SBO performed better than PO. 
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Contrary to this, it was seen that the SBO produced lower COF and less wear than PO at 
higher load (1236 N) [9].  
Of many studies on PO and SBO lubricating performance, very limited work was 
found applicable to the lubrication system of an internal combustion engine. It was Masjuki 
et al. [15] who tested the lower and upper piston ring on plates made from grey cast iron 
(GCI) and compared the PO with a mineral oil (MO) based lubricant using a reciprocating 
test. However, the test was performed at low load, 10 N (3.0 MPa contact pressure) and room 
temperature. It was found that, although the PO produced higher COF than the MO based 
lubricant, the wear resistance of PO was found to be better (example of upper piston ring 
results are shown in Figure 2.37). In their investigation, Masjuki et al. identified although the 
abrasive wear was the main wear mechanisms on both piston rings, the levels of wear were 
different for each ring. While more grooves, pits and material transfer was observed on lower 
piston ring, small cracks were present on upper piston rings (Figure 2.38).  
More recent development on the palm oil lubrication research was focused on the 
chemical modification of palm oil. For example, Zulkifli et al. [37] reported on the 
tribological performance of the palm oil based trimethylolpropane ester (TMP). This 
lubricant oil was produced from the transesterification process of palm oil methyl ester with 
trimethylolpropane in order to improve the oxidative and thermal stability [139]. Using a 
four-ball-tribometer, he conducted a friction and wear test at extreme pressure. He compared 
various ratios of TMP in paraffinic oil and found that both friction and wear were better than 
paraffinic oil at various load. 
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(a) 
 
(b) 
 
Figure 2.37: (a) Friction performance and (b) wear rate of upper piston ring lubricated with 
palm oil (Oil A) and mineral based lubricant (Oil B) (adapted from [15]). 
 
Figure 2.38: Scanning electron microscopy images of lower piston ring (1) and upper piston 
ring (2) under palm oil (A) and mineral base lubricant (B)  [15]. 
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2.5.2   Performance of vegetable oil-mineral oil blends 
A blend of oil can be created by mixing of two or more oils to achieve the anticipated 
performance, for example, a mix of two vegetable oils (palm oil and olive oil) shared the fatty 
acid composition and physicochemical properties like melting point, viscosity and iodine 
value which is related to the blend ratio [140]. A commercial mineral engine oil was found to 
perform well in wear [12, 14], friction [15], and oxidation stability [8] compared to vegetable 
oil. However, this oil is relatively expensive compared to pure vegetable oil. By blending 
both of these oils, the cost of the lubricant can be reduced and furthermore the total 
dependency on petroleum base stock can also be decreased. The superior performance of 
mineral engine oil especially in wear resistance over vegetable oils [14] has led to an interest 
in understanding on its tribological response, after an amount of vegetable oil is added into it.  
A mixture of mineral oil with vegetable oil exhibited different responses at different 
blend ratio [20] and material combination [22]. Using four-ball-tribotester, Jabal et al. [20] 
reported that a blend of palm oil and mineral oil (SAE 40) demonstrated the lowest friction 
coefficient (0.053) at a 60:40 blend ratio while the wear resistance was the best at a 80:20 
blend ratio (Figure 2.39).  Contrary to this, when the mineral oil (SAE 40) blended with 
jatropha oil tested by pin-on-disc (aluminium pin and cast iron disc), Shahabuddin et al. [22] 
found that the friction coefficient and wear were lowest at a 0:100 ratio which means the 
addition of vegetable oil gave no improvement in friction. However, by using a different test 
rig (four ball tester – chromium steel ball), a mineral oil-jatropha oil blend showed the best 
performance in friction and wear at a 10:90 ratio when tested at an extreme pressure 
conditions [22].  
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(a) (b) 
  
 
Figure 2.39: The effect of blending ratio of palm olein-mineral oil (SAE40) on (a) wear scar 
diameter and (b) coefficient of friction [20]. 
2.5.3   Performance of vegetable oil with anti-wear additives 
To enhance some properties of lubricants, additives are added which typically 
represent about 1 to 25% of a base oil [64]. For example, anti-wear agents in lubricants are 
added to improve the wear resistance characteristics of contacting surfaces. They form a 
protective layer to prevent metal-to-metal contact by adsorption of their molecules on the 
substrate surface through physical adsorption or chemical adsorption processes [44]. Among 
the most commonly used as anti-wear agents in commercial engine oils are zinc dialkyl 
dithiophosphate (ZDDP) and Boron compounds (hexagonal boron nitride) which their 
chemical structure are shown in Figure 2.40.   
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(a) 
 
(b) 
 
Figure 2.40: Chemical structure of (a) ZDDP and (b) hexagonal boron nitride (adapted from 
[95] and [34]. 
There are three main mechanisms were proposed by which the ZDDP may act as an 
anti-wear agent in oil: by forming a protective film as a barrier to metal-to-metal contact; by 
removing corrosive oxidation products; and by absorbing the iron oxide particles thus 
limiting abrasion [95]. A number of studies have reported on the ZDDP tribofilms formation. 
However, it is generally accepted that ZDDP may form a series of pad-like structure 
(separated by valley) on the surface of the bearing (Figure 2.41) [96]. The main composition 
of the pad is a glassy, mixed iron and zinc phosphate. This phosphate glass is covered by a 
zinc polyphosphate in outer layer ( 10 nm thick). On the metal surface below these pads 
there are a mixture of sulphur-rich layer (zinc or iron sulphide) which fix the pad to the metal 
surface.  
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Figure 2.41: Schematic of ZDDP tribofilm pad structure and composition [96]. 
Other than working as an anti-wear agent, ZDDP is also very effective as an anti-
oxidant. The anti-oxidant characteristic that exists in ZDDP has made it a potential substance 
to be mixed with vegetable oils since a limitation of vegetable oils is that they are very 
susceptible to oxidation [138]. A hydroperoxide which is typically formed in oxidised oil 
may increase wear which is related to the degradation of oil and producing strongly corrosive 
element [123].  
A number of researchers have reported the tribological performances of ZDDP mixed 
with various vegetable oils including with coconut oil [12], soybean oil [28], karanja oil [29], 
palm oil [141], corn oil [142], canola oil [142] as well as modified vegetable oil like palm oil 
based trimethylolpropane ester [30]. Many researchers found that the 2% of ZDDP in 
vegetable oils gave the best tribological results [12, 29, 142], particularly the friction and 
wear results from 2 % ZDDP in coconut oil were better compared to a commercial lubricant 
(SAE 20W50) when tested by in a four-ball-tester (Table 2.9) [12]. Similar tribological 
performance was also achieved by a four-ball-tester when karanja oil mixed with 2% ZDDP 
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was compared to mineral oil (SAE 20W40) [29]. The ZDDP performance of palm kernel oil 
and palm stearin has been investigated using a pin-on-disc tribometer at room temperature 
[141]. The friction and wear results showed that the palm kernel oil exhibited better 
performance with 3% of ZDDP while the palm stearin was superior at 5% ZDDP [141]. Both 
corn oil and canola oil were also seen to give an improvement of friction coefficient at 2% 
ZDDP when tested by pin-on-disk tribometer [142]. Evaluation of the addition of ZDDP in 
lubricating oil was also conducted using a four-ball-tribotester with 52100 steel balls.  
Table 2.9: Coefficient of friction and wear scar diameter of coconut oil, coconut oil with 2% 
ZDDP as comparison to commercial lubricant (SAE 20W50). 
 
Chemically modified palm oil, palm oil-based trimethylolpropane (TMP) and the base 
oil for synthetic lubricants, poly-alpha-olefin (PAO) [30] were tested. There was no 
improvement seen in friction behaviour for both TMP and PAO added with ZDDP at 1% 
although the wear resistance was better for a blend of TMP and PAO. It has also been 
reported that the addition of ZDDP to soybean oil gives improved wear resistance at higher 
sliding speeds when compared to tests with the pure oil [28]. The results presented by a 
number of authors suggest that varying levels of a particular additive are required in different 
types of vegetable oil to achieve the tribological improvement. 
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Boron nitride is also is used as an anti-wear additive in mineral engine oil and is a 
ceramic lubricant that works efficiently in improving wear resistance, especially at high 
temperature [143]. Many improvements were found in the tribological performance of 
mineral oil mixed with hexagonal boron nitride (hBN) [144-146]. Attempts have also been 
made to use the boron nitride as a vegetable oil additive such as in canola/rapeseed oil [34] 
and jatropha oil [147]. It was found that 0.05% of boron nitride in modified jatropha oil 
reduced the friction coefficient and wear scar diameter when tested at 75 °C in a four-ball-
tribotester, but any further increase in the concentration resulted in the friction and wear 
performance being inferior to that of the base oil [147]. The tribological performance of hBN 
in canola oil was affected by the surface roughness and the particles shape and size of hBN. 
Smaller particles (typically spherical) easily merge in the asperity valleys to produce a 
protective film on smooth surfaces whereas larger particles (typically plates) behave as a 
third body abrasive due to their size and geometry (Figure 2.42) [34].  
 
Figure 2.42: Schematic of boron nitride on aluminium disc (surface roughness, Ra = 0.3 µm ) 
with canola oil at difference particulate size; (a) 70 nm (b) 0.5 µm [34]. 
2.6 Grey cast iron 
Grey cast iron (GCI) has been known for its good tribological properties such as low 
friction and high wear resistance, for example, it is a common material for the piston ring and 
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cylinder liner contact in internal combustion engines [148]. Typically comprising iron, 
silicon, manganese, sulphur, phosphorus and 2.5 to 4.0% carbon [149] in the form of flake 
graphite. It provides a solid lubrication film, that gives excellent wear and friction 
characteristics under a dry sliding contact [150]. 
2.6.1   Tribological performances of grey cast iron 
Investigation on friction and wear performance of grey cast iron is a fundamental 
classical research were studies were mainly focused on the influence of carbon content [151] 
which affected the flake size of graphite [152]. Using a ball-on-flat contact under dry sliding 
test, Donald [151] investigated the effects of varying carbon content on friction and wear of 
grey cast iron as a comparison to white cast iron. Donald reported that at a lower carbon 
content (2.12 %), thin graphite flakes are sparsely distributed in a pearlitic matrix and these 
flakes are greater and coarser at higher carbon content. Donald also found that the friction 
and wear were reduced with an increase of carbon content in which the friction is sensitive to 
moisture (Figure 2.43). However, the graphite was found to be smeared out on the worn 
surfaces where some time is needed for this process occurs. As a result, friction was initially 
higher and decreased before reach to a steady state value when the graphite layer uniformly 
covered the surface. 
A more recent study was performed by Prasad [153] when he investigated the wear 
and friction of grey cast iron in both dry and lubricated surfaces. He linked some of the test 
parameters such as applied load, sliding speed and test environment on the sliding specimens 
of a grey cast iron. Prasad reported that the graphite flakes in the microstructure of grey cast 
iron was presence in the interface of ferrite and pearlite matrix (Figure 2.44a). Higher wear 
loss in dry surfaces was seen by Prasad as a cracking tendency from decohesion of graphite 
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flakes (Figure 2.44b) and higher frictional heating. However, in the presence of lubricant the 
worn surface was smoother and the cracking tendency was suppressed in which the oil 
decreased the severity of frictional heating. Prasad suggested that delamination assisted 
adhesion was the main wear mechanism. The presence of microcracks and an indication of 
wear induced plastic deformation on the worn surfaces substantiated Prasad justification 
(Figure 2.45). 
 
Figure 2.43: Effect of moisture on the friction of grey cast iron [151]. 
 
Figure 2.44: (a) Microstructure of the grey cast iron shows the presence of graphite flakes 
(shown by single arrow) in a ferrite (A) and pearlite (B) matrix interface and (b) Decohesion 
of graphite flakes on worn surface (shown by single double arrow) [154]. 
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Figure 2.45: Subsurface images of the grey cast iron specimens tested at (a) 500 and (b) 1500 
rpm (A= fine microconstituents and flow/ orientation of graphite in the matrix along the 
sliding direction, B: undeformed bulk structure, arrow: micocrack and C: region in a process 
of separation from the bulk ) [153].  
2.6.2   Influence of hardness on tribological performance of grey cast iron 
The effects of metal hardness on tribological performance in dry, or lubricated, 
contacts are well reported [155-157]. It was shown that in a dry contact, pure materials with 
high hardness gave lower friction than softer materials [158]. The high hardness is attributed 
to the presence of stronger atomic bonds increasing the resistance to adhesion [158]. 
Furthermore, the low hardness material allowed more indentation to the surface thus 
increasing the track width and ploughing force [159]. However, Mokhtar [160] reported that 
in a lubricated contact, the friction coefficient for heat treated carbon steel was independent 
of specimen hardness, while in dry contact, friction was lower for harder material (Figure 
2.46).  
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Figure 2.46: Influence of hardness on coefficient of friction for heat treated carbon steel (0.54 
% C) for dry and lubricated surfaces [160]. 
The variation of reported hardness, even in ‘standard’ GCI is high. The difference 
between maximum and minimum hardness value of GCI grades designated within EN 1561 
is 60 HB [161]. Shturmakov [162] also found that GCI ASTM 35B (equivalent to EN 1561 
EN-GJL 250) produced the same range (59.4 HB) (Figure 2.47). Others presented the 
hardness value for this material in various ranges, such as 220-240HV and 207-255 HB [163, 
164]. However, there are a few reports ignoring this range and using a bulk value of GCI 
hardness as a single value (265 HV [150] and 195 HB [165]) of hardness to further 
conducting their tribological test. The wide range of GCI hardness is typically attributed to 
the heterogeneous microstructure [149] and the uneven size and distribution of flake graphite 
[166] caused by the different cooling rate of material during the solidification process in the 
mould tool [167]. It was reported that differences in cooling rate in compact castings affected 
to the final strength. For example, the tensile strength and hardness were higher at the more 
rapidly cooled corners than in the more slowly cooled centre (Table 2.10) in a cross-section 
of a 76 mm square bar (Figure 2.48) [166]. 
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Figure 2.47: Brinell hardness (y-axis) versus observation number (x-axis) of grey cast iron 
GCI ASTM 35B (adapted from [162]). 
 
Table 2.10: Brinell hardness of grey cast iron bar related to the position of specimen  
 
 
Figure 2.48: Cross section of 76 mm square bar of grey cast iron [166]. 
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The effect of cast iron specimen hardness on friction and wear has been reported 
[168] mainly under dry sliding contact condition but the specimen hardness is presented as 
specific bulk value and the nature of the hardness measurement is not mentioned. Sugishita 
[168] performed friction tests (pin-on-disc) on different heat treated spheroidal graphite cast 
irons (hardness range 300 ~ 1000 HV) and found the friction coefficient (0.11 ~ 0.21) was 
inversely proportional with material hardness in the solid lubrication condition when the 
hardness was less than 400 HV. However, when the hardness was more than 400 HV, the 
friction coefficient was proportional to material hardness [168].  
The lubrication effects of vegetable derived oils on cast irons have been studied, but 
the works are limited to palm oil and jatropha oil and the hardness of the specimens is not 
specified [15, 21]. The tribological performance of soybean oil and its chemically modified 
oils also have been reported, but the tests mainly using a four-ball-tribometer [38, 169, 170] 
which is based on a rotating steel ball pressed against three fixed steel balls. The hardness 
effects of GCI on friction and wear would be an interesting subject if it is further studied with 
vegetable oil (soybean oil) as a biolubricant under reciprocating sliding contact with rigorous 
hardness characterisation of the counterface.  
2.7 Piston Ring and Cylinder Liner Materials 
2.7.1   Piston rings 
Piston rings serve to fulfil several important tasks in an internal combustion engine 
such as providing lubrication to the cylinder liner surface, sealing the combustion chamber 
from leakage of gasses into the crankcase, and to transfer heat that builds up in the piston to 
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the cylinder surface. Materials for the piston ring should be able to accommodate several 
requirements such as high wear resistance and low friction in boundary lubrication, good 
mechanical strength, good elastic behaviour, good heat conductivity, good corrosive 
resistance and good machinability. 
Some pistons are assembled with three types of piston rings (Figure 2.49) known as a 
compression ring, scraper ring and oil control ring. The compression ring is usually attached 
at the top point of the piston and its main function is to seal the cylinder from leakage of 
gases produced during the combustion process. The scraper ring is placed below the 
compression rings. Its main function is to disperse the oil on the cylinder walls so that the 
compression rings are properly lubricated and also to wipe off the oil left behind by the oil 
control ring. The oil control ring is placed at the bottom of the piston. It ensures oil is evenly 
spread on the cylinder walls, scrapes the excessive oil off the walls and sends it to the 
crankcase.  
 
Figure 2.49: Three types of piston rings [171]. 
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2.7.2   Piston ring materials 
Typical materials used for a piston ring include grey (lamellar graphite) cast iron, 
ductile (nodular/spheroidal graphite) cast iron and tempered steel or stainless steel [172]. For 
many years, grey cast iron was the most popular piston ring material. Its tribological 
characteristics, cost competitiveness and material availability has made it the optimal material 
for the piston rings [148]. In addition, the flake graphite in the grey cast iron is useful in 
acting as an oil reservoir that supplies oil at dry starts or temporary loss of lubricant [173]. 
Grey cast iron is a standard material for compression and oil control rings in gasoline 
and diesel engines which is specified under subclass 13 according to ISO 6621-3 [172]. Its 
material composition is close to the standard grey cast iron EN-GJL-250 (BS EN 1561:2011) 
[174]. The pearlite microstructure and the lamellar graphite structure in the grey cast iron are 
excellent characteristics for a piston ring material that keep the friction and wear to a 
minimum level in oil control rings. In special cases, where greater wear resistance is required, 
an alloyed grey cast iron (subclass 25 according to ISO6621-3) can be used [172]. In order to 
improve their mechanical properties, alloyed grey cast irons are normally heat-treated and 
their microstructure is primarily martensitic.  
Nodular cast iron (BS EN 1563: 2011) has mechanical properties between those of 
grey cast iron and steel. However, its friction properties are slightly higher than grey cast iron 
[175]. This material is recommended for compression rings and oil control rings, where the 
required strength is better than that of lamellar grey cast iron [171]. For applications where 
greater wear resistance is needed with the higher mechanical strength, the nodular cast iron 
alloyed with niobium is usually recommended [172, 176]. 
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Steel can also be used to manufacture many types of piston rings (compression ring, 
scraper ring and oil control ring). Steel has advantages over grey cast iron in terms of its high 
mechanical strength, fatigue resistance, heat resistance and good corrosion resistance. Steel, 
however, has poor friction properties compared to grey cast iron. For this reason, steel piston 
rings are normally coated and or surface treated. The main purposes of surface treatments on 
the piston ring are to improve initial wear during running-in and to enhance durability, where 
very long life is required. For example, it was reported that the hard chrome electroplating 
reduces friction and increases wear resistance of the cylinder working surface, thereby 
increasing the service life of engines up to 20,000 hours [177].  
Typical surface treatments for piston rings include nitriding [178], electrochemical 
plating, e.g., chrome plated [179, 180], ceramic coating [181] and thermal spraying e.g. 
plasma-sprayed molybdenum [182]. Surface coatings and treatments intended to provide 
good oxidation resistance, such as tin-plating, black-oxidizing and phosphating are available 
for specific applications. Polymer coatings are among the latest solutions for protection 
against microwelding of the cast iron and steel piston rings [183, 184] but still need 
development. 
2.7.3   Cylinder liner 
The cylinder liner is a removable component, inserted into an engine block to form a 
cylindrical wall. It provides a surface for its partner, i.e., piston rings, to slide against and 
carry out the lubrication and sealing job in the combustion chamber. Due to the reciprocating 
motion between the piston rings and the cylinder liner, its surface is susceptible to friction 
and wear.  
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Wear occurs particularly at the upper reversal point of the piston rings (top dead 
centre) because of change in direction of the moving parts causes a transition through zero 
velocity and likely lubrication starvation [185]. The wear behaviour of the running surface 
and the piston rings is substantially determined by the material pairing selected for the two 
components [186]. In order to reduce wear, the running surface should be smooth and the 
lubrication between the sliding the cylinder liner and the piston ring must be adequate. The 
type and quality of the running surface effects oil consumption as well as the wear of the two 
components [187, 188]. 
2.7.4   Cylinder liner materials 
Most cylinder liners are made of grey cast iron of BS1452 grade 250 [148] 
(equivalent to EN 1561-GJL-250), aluminium alloys and steels. Aluminium liners are 
typically coated while the steel liners can be hardened, reinforced or spray-coated [172]. 
Cylinder liners made of aluminium have the advantage of a higher thermal conductivity and 
lower specific gravity compared to grey cast iron. Steel, on the other hand, stands out for its 
high strength and stiffness. 
Grey cast iron is typically used for cylinder liners due to its cost effectiveness and 
tribologically beneficial. The graphite phase in the material provides good dry lubricating 
effect and serve as a reservoir to supply oil at dry start or during oil starvation situations 
[173]. Lamellar gray cast iron (GJL) with a pearlite microstructure is manufactured to 
provide a hardness and strength range as shown in Table 2.11. For higher strength 
requirements, lamellar gray cast iron (GJL) with a bainite base microstructure or cast iron 
with vermicular graphite (GJV) can be used (Table 2.11). In order to improve the wear 
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resistance of the cylinder liner surface, the grey cast iron can also be coated with a hard 
chromium layer [189] or ceramic metal composite. It was reported that the wear resistance 
improved as the grey cast iron cylinder liners are coated with a ceramic-metal composite 
(chromium oxide, Cr2O3 and molybdenum, Mo) by low pressure plasma spraying [190].)  
Excellent thermal conductivity and lower density make aluminium alloys a suitable 
alternative to grey cast iron in the fabrication of cylinder liners. Thermal spray coating 
methods can be used to protect the sliding surface of aluminium liners in order to improve the 
tribological characteristics with low cost and short processing time [191]. Compared to cast 
iron liners, ferrous thermal spray coatings on cast aluminium components have some 
advantages such as lighter weight and improved scuffing resistance [192]. For example, it 
was reported that at high load and high velocity, the wear rates decreased when the 
aluminium alloys were thermally sprayed by carbon steel coatings [193]. Other developments 
on the aluminium liners include the usage of metal matrix composite (aluminium alloys made 
up of at least two distinct phases) combine with reinforcement ceramic materials like 
zirconium dioxide (ZrO2) for achieving greater fuel economy [194]. 
Several efforts have also been made to study surface coating technology for cylinder 
liners. The tribological behaviour of titanium suboxide (TiOx) coatings for grey cast iron 
cylinder liners under different conditions was evaluated [195]. It was found that a thermally 
sprayed titanium suboxide coating for cylinder liners outperforms the wear resistance of 
uncoated grey cast iron cylinder liners. Stainless steel balls with diamond-like carbon (DLC) 
coatings were also used to simulate the cylinder liner-piston ring material by four-ball-
tribometer [196]. It was reported that the coated balls exhibit better friction and wear 
performance than uncoated stainless steel balls. Other evaluation of the wear resistance on the 
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chrome plated cylinder liner compared to non-plated cylinder liner revealed that the wear 
results were improved by almost 50% [197]. 
Table 2.11: Properties of cast iron for cylinder liners [172]. 
 
2.8 Summary  
Vegetable oil based lubricants are renewable resource and biodegradable product 
which provides them with strong advantage over commercial mineral oils. Although 
vegetable oils have been demonstrated as a potential candidate for biolubricants, there is no 
evidence so far that confirming their suitability to be applied in automotive engine lubrication 
system through a series of small-scale test that have been conducted previously. This is 
because, many of the previous studies, were limited to a certain kind of test rig (either four-
ball tribometer or pin-on-disc) and test condition (some oil are tested at room temperature). 
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Thus, further systematic research that confirms the potential of vegetable oil based lubricants 
in an automotive engine must be performed. This can be done through a different means of 
testing which could involve their performance closer to contact motion in an internal 
combustion engine systems (piston ring motion).  
The lubrication effects across a wide range of grey cast iron hardness is another 
interesting area that should be considered accordingly in conjunction with tribological 
performance of vegetable oils. Using a rigorous hardness characterisation of the counterface 
could produce more reliable and robust data for investigation of vegetable oils performance 
on wear and friction. 
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Chapter 3:   Experimental methodologies 
3.1 Introduction 
This chapter describes the materials and methodologies used in setting up the 
experiments. The friction and wear test rigs, measurement equipment, specimens, lubricants, 
inspections and analysis methods that were used in this research are explained. Some 
theoretical calculations used to determine the lubrication regimes are also stated. 
3.2 Experimental Equipment 
3.2.1   Friction and wear test 
A Phoenix Tribology/Plint TE77 test rig (Figure 3.1) was used for measuring the 
friction force by means of a calibrated load cell. The coefficient of friction (COF) was then 
calculated based on the friction force and the normal load applied. A schematic of the 
machine is shown in Figure 3.2. The linear reciprocating motion on the test rig resembles the 
motion of a piston ring in an internal combustion engine. However, a point contact (ball-on-
flat) was chosen in this study in order to eliminate misalignment problems at the counterface 
of the contacting bodies.  
All of the tests were run at a temperature of 100  2 C by means of programmable 
temperature controller. This was to replicate the oil temperature in the oil sump in an internal 
combustion engine [198]. A mean sliding speed of 0.13  0.01 m/s and a maximum stroke 
length of 15  0.1 mm was selected and the test duration was 1 hr. All test parameters (Table 
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3.1) were selected based on preliminary experiments conducted to ensure the production of 
measurable and comparable wear scars between the specimens lubricated with vegetable oils 
and mineral oil. Thus, a normal load 40 N (yield to a 1.7 GPa Hertzian contact pressure) 
applied to the ball was selected based on trial and error. The scope of this research was to run 
the test at only one set of test conditions so that the study could be focused on the response of 
the lubricants on friction and wear.  
The wear behaviour of specimens was identified by mass loss measurement. 
Specimen masses were measured before and after the test and the difference recorded as the 
mass loss of the specimen. The tests were run for three repetitions for each lubricant and the 
average mass loss and friction coefficient were then calculated. The standard deviation was 
plotted in the graphs as an error bar. 
 
Figure 3.1: Phoenix Tribology/Plint TE77 test rig 
Chapter 3 
 
88 
 
Figure 3.2: Schematic of friction and wear test rig 
Table 3.1: Test parameters 
Test parameters Value 
Normal load 40  1 N 
Hertzian contact pressure 1.7 GPa 
Lubricant temperature 100  2 C 
Lubricant volume 25  1 ml 
Sliding stroke 15  0.1 mm 
Mean sliding speed 0.13  0.01 m/s 
Experiment time 60 min 
3.2.1.1 Justification of Test Method 
The friction and wear tests performed in this study aimed to simulate the environment 
in the piston ring and cylinder liner movement in an internal combustion engine. However, 
due to limitations of time, test conditions and parameters were chosen on the Plint TE77 
reciprocating test rig that may represent extreme contact conditions of a piston ring and a 
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cylinder liner. The description below explains the justification for the test conditions and the 
selection of the experimental parameters. 
(a) Type of Contact 
A point contact (ball-on-flat) was chosen in order to avoid misalignment issues during 
the setting up of the specimens. This is important in order to produce reliable initial data of 
tribological performance of a new lubricant as misalignment of specimens may create 
inconsistency in friction and wear. Although many researchers were using cut out specimens 
of piston ring and cylinder liner, it is susceptible to the inconsistency in the matching the 
conformal curvatures between the piston ring and liner surfaces. This furthermore tends to 
produce inconsistent wear data between tests. The cut out specimens, however, could be used 
for verification of the data after the ball-on-flat test is conducted. 
(b) Specimen Materials 
Grey cast iron was used for flat specimens (EN-1561-GJL-250). This is a common 
material for piston rings and cylinder liners [148, 172]. The use of chrome steel ball (AISI 
52100) as a moving part is also acceptable because some of the piston rings are made from a 
chromium steel material [199]. 
(c) Normal Load and Contact Pressure 
In general, vegetable oil lubricants were produced much higher wear compared to 
mineral engine oil. Thus, a trial and error method for determining a suitable load for 
comparing the wear performance of vegetable oils and mineral engine oil was performed. It 
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was found that 40 N is an optimum load. A lower load than 40 N produced too small a wear 
scar on mineral engine oil specimens and this made the weight loss measurement impossible. 
This 40 N load furthermore produced very high contact pressure (1.7 GPa) leading to severe 
contact conditions which are beyond the typical contact pressure of the piston rings and 
cylinder liners (10
4
-10
5
 Pa) [189]. 
(d) Mean Sliding Speed  
The motor rotational speed of the Plint TE77 machine is controlled by a dial indicator 
on the controller panel and the value was tuned to 100 (no unit). This produced a motor speed 
of 260 rpm (by measurement). Based on the motor speed, the linear speed is calculated (0.13 
m/s) which is a function of stroke and rotational speed [200]. Although the mean sliding 
speed in this study is lower than the typical mean piston speed of a car engine (16 m/s) [200], 
low speed test rigs are best used to simulate wear and scuffing behaviour of piston rings at 
top dead center. For example, Petra et al. conducted tests where the reciprocating motion  of a 
grey cast iron liner and chromium plated piston ring was at a sliding speed of 0.18 m/s [201].  
(e) Sliding Stroke 
The sliding stroke is chosen at a value of 15 mm due to the maximum value that the 
Plint TE77 machine can provide. Typical piston stroke length for a car engine is around 50 
mm to 90 mm [202]. A higher sliding stroke is also useful to investigate the influences of 
friction and wear over the wide hardness range of the grey cast iron specimens. 
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(f) Experiment Time 
The 60 minute experiment time was chosen based on the evaluation of steady state 
friction results in the tests. From the outcome of the friction tests, the steady state friction was 
achieved around 30 to 40 minutes after the test started. Thus, a 60 minute experiment time is 
reasonable. 
(g) Lubricant Temperature 
The lubricants temperature in an engine varies from ambient temperature (just before 
the start-up) to the maximum operating temperature. The lubricant temperature applied in this 
study is assumed to be continuously supplied from the oil sump to the contacting surfaces at 
steady state temperature. Thus, the temperature was chosen at 100 C as this is a typical 
temperature of oil in the sump of an internal combustion engine running at steady state [203, 
204].  
(h) Surface roughness of specimens. 
The average surface roughness, Ra, of flat specimens (grey cast iron) after the 
grinding process was controlled around 0.15 m. This value is close to the cylinder liner 
surface roughness after it has gone through a ‘medium’ polishing process (Ra = 0.15 m) 
[205]. 
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3.2.1.2 Limitation of the friction and wear test 
The use of a laboratory test rig in this study represents a basic tribological test that 
attempts to duplicate the key factors in an engine particularly in simulating the contact 
conditions near to those in the piston ring motion on the cylinder liner. While it is appropriate 
for the purpose of assessing the potential use of vegetable oils as biolubricants, the limitations 
of the friction and wear tests method must be recognised.  
The use of a friction and wear test rig with a ball-on-flat configuration is suitable to 
provide initial data on the performance of lubricants. It also eliminates the misalignment 
issues on the counterface and thus, minimises the error of the experiments. However, the use 
of a point contact is not replicating the real contact of the piston ring and cylinder liner and 
thus, limits the extent to which the results of this test can be related to real-life applications. 
Therefore, in order to improve the study, it is suggested to repeat the test using the cutout 
specimens of the actual piston ring and cylinder liner components. 
In reality, it is very difficult to exactly predict the conditions in the engine as the 
operating environment is always changing. For example, in the actual application of the 
internal combustion engine, parameters such as engine speed, sliding duration and 
temperature of the lubricating are extremely varied. It is therefore, suggested that the study 
can be improved by running tests using variable parameters. However, there are a number of 
parameters such as sliding speed and the contact pressure that can join together to create 
frictional heating. Frictional heating, in turn, can affect the tribological performance of 
contacting surfaces. Therefore, a change in one parameter may affect several other factors. 
This makes it difficult to perform a friction or wear test in which only one parameter is 
considered as the independent variable and everything else is fixed. 
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Also in this work, it is not possible to perform the wear rate in situ. This perhaps 
could be conducted by measuring the instantaneous ball wear scar or flat specimens’ mass 
loss after some period of time which requires stopping the machine for a while. However, 
when stopping the test rig for periodic wear measurement, there is a possibility of inducing an 
unintentional error in alignment at the contact surfaces when reassembling the ball specimen 
into the test rig for the second and subsequent times. 
3.2.2   Hardness Test 
Prior to the friction and wear tests, the hardness of the flat specimens was measured 
on the intended wear scar region. The wide range of hardness that grey cast iron specimens 
have may influence the consistency of data for the friction and wear results. 
A microhardness test (Vickers Limited, England) was used in order to minimise the 
indentation size on the specimens. A 20 kg applied load was used on the GCI flat specimens 
to measure the hardness within the intended wear scar area (Scar 1, Scar 2 and Scar 3) as 
shown in Figure 3.3. On each of the intended wear scar regions, the hardness test was 
performed at three points along the centre line of the scar (labelled as hardness measurement 
points in Figure 3.3). These three points were 5 mm apart which was enough to represent the 
hardness at front, middle and back of the wear scar region along the sliding direction. The 
average hardness based on these three points was then calculated to characterise the hardness 
of each wear scar area before testing. 
Next, the hardness measurements were performed on three wear scar regions on either 
side of specimen surfaces. This meant there were 6 average hardness data points for one 
specimen (3 scar regions x 2 surfaces). A total of 71 flat specimens were used in this 
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measurements work which meant there were 426 average hardness data points in total (71 x 
6). An example of a hardness measurement data sheet is shown in Appendix 1.  
In order to facilitate the friction/wear test and analysis in next chapter (Chapter 4), 9 
measurement data points were then selected and divided into 3 groups (low, medium and 
high hardness) based on their hardness value. The friction and wear tests were then conducted 
on these 9 specimens. 
 
Figure 3.3: Measurement of hardness on intended wear scar region 
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3.3 Materials 
3.3.1   Specimens 
To evaluate the tribological performance of the biolubricants, a reciprocating sliding 
point contact (ball-on-flat) was chosen throughout this research. The moving specimen was a 
ball (6 mm diameter) made of high chrome steel (AISI 52100) with average surface 
roughness, Ra = 0.03 m, and held firmly to prevent rotation by a brass tube. This type of 
steel ball is typically used as a ball bearing component. 
The fixed specimen was flat in geometry, made of grey cast iron (EN1561-GJL-250) 
with a rectangular dimension 66 mm x 25 mm x 4 mm. The grey cast iron has a lamellar 
graphite microstructure and typically used as a piston ring and cylinder liner material. The 
surface of the flat specimen was ground to an average surface roughness, Ra = 0.15 µm 
which is close to the surface roughness of the top compression ring of a piston ring in a four-
stroke gasoline engine (0.10 µm) [206]. Both specimens are pictured in Figure 3.4 with the 
primary dimensions presented.  
 
Figure 3.4: Ball and flat specimens 
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3.3.2   Lubricants  
Three types of lubricants were used in this study (Figure 3.5):  
(i) the biolubricants (vegetable oil) 
(ii) the mineral oil  
(iii) the blended lubricants 
 
 
Figure 3.5: Summary of the lubricants used in this study 
3.3.2.1 Biolubricants 
The biolubricants used in this study were those from vegetable oils in their pure oil 
state.  The vegetable oils consisted of palm oil (PO) and soybean oil (SBO). These two 
vegetable oils were selected because they make up most of the global consumption of 
vegetable oil (1995 to 2015) [207]. The PO used was an ordinary cooking oil (Vesawit, 
Malaysia) which had undergone manufacturing processes like refining, bleaching and 
Lubricants used in this study 
(i) 
Biolubricants 
Palm Oil Soybean oil 
(ii) 
Mineral oil 
(iii) 
Blended lubricants 
Vegetable oil- 
Mineral oil 
Vegetable oil- 
Additive 
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deodorising (also known as palm olein). A commercial SBO (Clearspring, Italy) was used 
from the organic type which had undergone a cold pressing process and was also suitable as a 
culinary oil. Unrefined SBO was chosen because it is more oxidatively stable than the refined 
oil [208]. Some of the important properties of PO and SBO that were measured in this study 
are listed in the Table 3.2. The images of these lubricants are shown in Appendix 2. 
3.3.2.2 Mineral oil 
Mineral oil (MO) mainly was used for benchmarking purposes in order to compare 
the tribological performance between the vegetable oils and the commercial lubricant. The 
MO sample was a commercial mineral engine oil (Shell Helix HX5) with SAE viscosity 
grade 15W40. Some of the important properties of this lubricant that were measured in this 
study are listed in the Table 3.2. The image of this lubricant is shown in Appendix 2.  
Table 3.2: Properties of lubricants 
Lubricants Absolute Viscosity (cP) Acid Number 
(mgKOH/g) 40 C 100 C 
Mineral Oil (MO) 92.45 12.32 2.24 
Palm Oil (PO)      38.08 7.78 0.24 
Soybean Oil (SBO) 30.72 7.10 0.98 
3.3.2.3 Blended lubricants 
The blended lubricants were comprised of two types: 
(i) blend of the vegetable oil with mineral oil  
(ii) mixture of anti-wear additive in vegetable oil. 
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3.3.2.3.1 Vegetable oil-mineral oil blend 
The vegetable oils (palm oil and soybean oil) were mixed individually at 50% by 
volume with the MO which corresponds to a 1:1 blend ratio. This equal ratio was selected in 
order to investigate the potential dominance of a particular oil against another on the 
tribological performance of oil mixture. 
The mixed oil was stirred by an agitator for 10 minutes just before the test began. The 
uniformity of each blend was judged by visual appearance of the oil in which no significant 
layer or different colour was seen in the oil blends. Figure 3.6 shows the appearance for MO 
and PO in a pure oil state (a and b) and the mixture of MO and PO before the stirring process 
(c). It can be seen that there are two layers formed from the mixture of these two oils. The 
blend of MO-PO was then stirred for 10 minutes and left 24 hours (d). This was to ensure that 
the stirring process was reliable. The details of all vegetable oil-mineral oil blended lubricants 
used in this study are shown in Table 3.3. In addition, the PO was also mixed with SBO by 
the same ratio for comparison purposes. 
 
       (a)       (b)        (c)       (d) 
 
Figure 3.6: (a) Appearance of mineral oil and (b) palm oil in pure state. The significant layer 
is seen in MO-PO blended oil before the stirring process (c) and eliminated after the stirring 
process and left for 24 hours (d) 
MO layer 
PO layer 
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Table 3.3: Vegetable oil- mineral oil blended lubricants used in this study 
 
 
 
 
3.3.2.3.2 Vegetable oil-additive blend 
Two commercial additives were used in this study; zinc dialkyl dithiophosphate 
(ZDDP) and hexagonal boron nitride (hBN). The ZDDP (ZDDPlus, USA), with a chemical 
formula Zn[(S2P(OR)2]2, is a liquid at room temperature but the hBN, with particle size 0.5 
m or less (Ceratec, Germany) was dispersed in mineral oil as a carrier fluid by the 
manufacturer.  
An amount of 2% of ZDDP and 6% of hBN in mineral oil was then added in the 
vegetable oils as these are the ratios (by volume) that are recommended by their respective 
manufacturer for optimum performance based on their product information sheet (Appendix 
3 and Appendix 4). The oil with the additive was then stirred by an agitator for 10 minutes in 
order to ensure a uniform blend was formed. The appearance of each oil mixture was 
observed at the end of the stirring process. In order to determine that a uniform blend was 
produced, the oil was checked for the formation of a noticeable layer of different density 
components, or a colour difference as described in Section 3.3.2.3.1. The details of all 
blended lubricants used in this study are shown in Table 3.4. 
Vegetable oil- Mineral Oil 
Lubricants 
Absolute 
Viscosity (cP) 
Acid 
Number 
(mgKOH/g) 40 C 100 C 
50% MO + 50%PO (MO: PO) 54.97 9.26 0.97 
50% MO + 50% SBO (MO: SBO) 46.44 8.77 1.13 
50% PO + 50% SBO (PO: SBO) 32.98 7.10 0.68 
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Table 3.4: Blended lubricants used in this study 
3.4 Material Analysis 
3.4.1   Surface morphology evaluation 
After each test was completed, the flat specimens were removed from the test rig. An 
ultrasonic cleaner was used to clean the specimens for 5 minutes with acetone. In typical 
ultrasonic cleaning method, most particles are removed within the first 30 seconds [209]. The 
specimens were then rinsed in isopropanol to remove any carbon deposits on the specimens 
that may have formed due to exposure to acetone. 
The specimens were then inspected under an optical microscope in order to obtain 
images of the wear scars in a broader view. Scanning electron microscopy (SEM) was used to 
inspect the worn specimens at a much higher magnification than the optical microscope. The 
images taken from both microscopes were then used for analysing the underlying wear 
mechanisms on the surfaces. The electron dispersive analysis of X-rays (EDX),  coupled with 
SEM, was also used in analysing the elements that exist on the worn surfaces. 
Vegetable oil- Additive Lubricants 
Absolute 
Viscosity (cP) 
Acid 
Number 
(mgKOH/g) 40 C 100 C 
2% ZDDP + PO (ZD: PO) 38.31 7.98 1.98 
2% ZDDP + SBO (ZD: SBO) 30.60 7.36 2.53 
hBN in mineral oil + PO (hBN: PO) 38.59 7.85 0.44 
hBN in mineral oil  + SBO (hBN: PO) 30.43 7.08 1.21 
Chapter 3 
 
101 
3.4.2   Surface topography evaluation 
The unexpected formation of wavy-shaped wear scars after the tests (Figure 3.7) that 
mainly occurred on the specimens lubricated with the vegetable oils and their blends, has 
driven the importance in evaluating the surface topography. The wear scars on flat specimens 
were characterised by surface roughness, Ra and surface waviness. These measurements were 
performed with a profilometer (Mitutoyo Surftest, SJ-500). The surface roughness was taken 
at several different points (Figure 3.8) across the sliding direction in order to investigate the 
potential influence of the wavy-shaped wear scar on roughness. 
 
Figure 3.7: Wavy-shaped wear scar produced on specimens lubricated with vegetable oils and 
their blends. 
 
 
Figure 3.8: The different points (front, back, M1-M3) indicating where surface roughness 
measurements were taken. 
The measurements of primary profile and surface waviness were taken along the 
sliding direction and in the middle of the scars. The primary profile traces the undulating 
waves produced 
on wear scar 
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shape along the worn specimens and was recorded by several points in terms of X and Y 
coordinate at a particular position. Based on these points, a graph was plotted to represent the 
actual profile of the wavy-shaped wear scars. The surface waviness method was performed in 
order to provide measurable data so that the wavy-shaped wear scar between specimens could 
be compared quantitatively. 
The surface waviness, Wa is derived from the primary profile evaluation in which the 
shorter wavelength components, c and longer wavelength components, f are suppressed 
through a band-pass filter [210]. This process was performed automatically by the 
profilometer software when the type of profile (primary profile, waviness or roughness) is 
changed by the user. The idea of these three profile measurements is depicted in Figure 3.9 in 
which the measurements were performed on the same surface. The cut-off values (c, f and 
s) are illustrated in Figure 3.10 (ISO 4287) and used by the filter to isolate the wavelength 
band. The transmission characteristic (50% transmission at the cut-off) is defined in ISO 
11562. 
In this evaluation, a single value of surface waviness, Wa was recorded when the 
shorter wavelength components, c(waviness) and longer wavelength components, f(waviness) 
value were chosen at 0.025 and 0.8 mm (software default value). Table 3.5 shows the details 
of the parameters used in the profilometer software between the primary, waviness and 
roughness profile throughout this study. 
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Figure 3.9: Primary, waviness and roughness measurement profile 
 
Figure 3.10: Filter transmission and cutoff for primary profile, roughness and waviness 
measurement. s and c represent the short wavelength cutoff and long wavelength cut-off for 
roughness. 
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Table 3.5: The differences of parameters between the primary profile, waviness 
profile and roughness profile. The grey cells indicate that the values are entered by the 
user. The white cells are those values given by the software 
Software Parameter Primary 
Profile 
Waviness 
Profile 
Roughness 
Profile 
Kind of Profile P_ISO W_ISO R_ISO 
Number of Evaluation Length, nlm 1 1 1 
Sampling Length, le (mm) 0.8  0.8  0.08  
Number of sampling length, nle 20 20 20 
Pitch (µm) 0.5  5.0  0.1  
Evaluation length, lm (mm) 16.0  16.0  1.6  
Cut off value (ISO 4287), s (mm) 0.0025 - 0.0008 
Cut off value (ISO 4287), f (mm) - 0.8  - 
Cut off value (ISO 4287), c (mm) - 0.025 0.08 
Stylus Speed (mm/s) 0.5  0.5  0.1  
3.5 Lubricant Analysis Methods 
3.5.1   Oxidation test  
A rotary pressure vessel oxidation test (RPVOT) was conducted on the main lubricants 
and their blends according to ASTM D2272-14a by an oxidation stability test rig (Koehler, 
K70200). The oil was poured into a pressure vessel with a copper coil as a catalyst and then 
pressurised by oxygen gas at 90 psi (0.62 MPa). The oil in the pressure vessel was then 
heated in a silicon fluid bath at 150 C and the pressure was observed. The pressure in the 
pressure vessel was then increased and reached a maximum value due to the heating process. 
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The oxidation stability was judged based on how much time (in minutes) the pressure took to 
drop to more than 25.4 psi (0.17 MPa) below the peak pressure. The dropping value of 
pressure in the pressure vessels indicates that an amount of oxygen has been absorbed into 
the oil. This is a starting point where the oil starts to be oxidised. 
3.5.2   Oil viscosity test 
The dynamic viscosity of the lubricants was measured by a rotary viscometer 
(Brookfield, LVDV1). Measurements were performed at 40 and 100 C by means of a silicon 
fluid bath. Measurement of industrial oil viscosity at 40 C is a common method which is 
based on the ISO viscosity grading system (ISO 3448). For most engine oils, the viscosity is 
typically measured at 100 C in relation to the reference in SAE engine oil classification 
system (SAE J300). 
The lubricants were poured into a small sample adapter which was able to measure 
the viscosity in a small volume of 6.7 ml. The viscometer measures the viscosity by 
measuring a torque required to rotate a spindle in the small sample adapter. This torque was 
then translated into a viscosity unit in centipoise (cP) by the viscometer software. In this 
study, the viscosity was measured for; fresh oil used oil taken from the oil bath of the test rig 
after 60 min used, and oxidised oil after the oxidation test. 
3.5.3   Acid number test 
The acid number (AN) of the lubricant was determined by a titration method 
(GRScientific, Aquamax MicroTAN titrator), according to ASTM D664-11a. It is an 
evaluation of oil acidity that measures how many miligrams is needed of the potassium 
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hydroxide (KOH) in order to neutralise one gram of acid in the oil which yields in a unit of 
mgKOH/g. An amount of titrant reagent, potassium hydroxide was titrated into the oil sample 
with titration solvent (mixture of water, isopropanol and toluene in a ratio of 5:495:500) by 
using the AN test rig. The AN test rig evaluates the AN by measuring the difference of 
voltage of the solution in its initial condition and at the end of titration process. This was 
performed by an electrode which soaked into the solution. 
 Increases of AN value in the oil could be an indicator of oil oxidation. In this study, 
the AN measurement was conducted for fresh oil samples, used oils taken from the test rig 
and those oils taken from the oxidation stability test. 
3.5.4   Spectrochemical test 
Spectrochemical analysis (mass spectrometry) was performed on the oil samples in 
order to identify the elements that existed in the oil such as calcium, zinc, phosphorus, 
molybdenum, boron etc. in parts per million (ppm). Typically, the procedure of mass 
spectrometry is started by bombarding the electrons into the sample until it is ionised. These 
ions are then separated and detected by their mass in a magnetic field. In this work, the oils 
samples were sent to an external laboratory (The Oil Lab Ltd, United Kingdom) for the 
testing and analysis. 
3.5.5   Gas chromatography test 
A gas chromatography test was performed on selected oil samples in order to identify 
the composition of fatty acids as a weight percentage (%) of the vegetable oils. This test is 
also to investigate any possible changes in the fatty acid composition of the vegetable oils 
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after an amount of additive was added into it. Typically, in a gas chromatography test, the 
sample solution is injected and carried by a moving gas into a separation tube known as the 
column. The components of the solution that exit from the column at different times are then 
identified by the detector and be compared with the result of a standard solution. In this 
study, the oil samples were sent to an external laboratory (Reading Scientific Services Ltd, 
United Kingdom) for testing and analysis. 
3.5.6   Lubrication regime determination 
In order to evaluate the contact conditions on the lubricated specimens, the estimation 
of their lubrication regime (hydrodynamic, elastohydrodynamic or boundary) is needed. This 
is performed by calculating the minimum film thickness, hmin based on the formula developed 
by Hamrock et al. [211] ((Equation 3.1). 
𝐻𝑚𝑖𝑛 = 3.63𝑈
0.68𝐺0.49𝑊−0.073(1 − 𝑒−0.68𝑘) (Equation 3.1) 
where; 
 𝐻𝑚𝑖𝑛 =
ℎ𝑚𝑖𝑛
𝑅𝑥
 , =
𝜂𝑜𝑢
𝐸′𝑅𝑥
 , 𝐺 = 𝛼𝐸′ , 𝑊 =
𝑤
𝐸′𝑅𝑥
2 , 𝑘 = (
𝑅𝑦
𝑅𝑥
)
2𝜋
 
ℎ𝑚𝑖𝑛= minimum film thickness, m 
𝑅𝑥 , 𝑅𝑦= effective radius in x and y direction, m 
𝑈 =
𝜂𝑜𝑢
𝐸′𝑅𝑥
 = dimensionless speed parameter 
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𝜂𝑜= absolute viscosity at atmosphere pressure and constant temperature, Pa.s 
?̃? =
𝑢1+𝑢2
2
 = mean velocity in x direction, m/s 
𝑢1, 𝑢2= velocity in x direction, m/s 
𝐺= dimensionless material parameter 
𝛼 = pressure-viscosity coefficient, m2/N 
𝑊= dimensionless load parameter 
𝑤= applied load, N 
𝐸′ = 2 (
1−𝜗1
2
𝐸1
+
1−𝜗2
2
𝐸2
)
−1
 = effective elastic modulus, Pa 
𝑘=elipticity parameter (for point contact, k = 1) 
In order to determine the lubrication regimes of the sliding metals, the ratio between 
the minimum film thickness and root mean square of surface roughness,  was calculated 
based on formula given by Ian [212] ((Equation 3.2): 
𝜆 =
ℎ𝑚𝑖𝑛
𝜎∗
 
(Equation 3.2) 
Chapter 3 
 
109 
where 𝜎∗ = √𝑅𝑞1
2 + 𝑅𝑞2
2
  = root mean square (r.m.s) of two surfaces, m 
𝑅𝑞 = r.m.s of surface roughness, m 
The value of  provides information about the lubrication regime (Figure 3.11). For 
>3, the lubrication regime is termed hydrodynamic where full film lubrication prevents both 
metal-to-metal contact. However, in the case of 1< <3, the lubrication regime has fallen into 
a partial elastohydrodynamic regime (mixed lubrication) where some contact between 
asperities occurs. For  less than 1, only boundary lubrication is presented. The detailed 
calculation of the minimum film thickness and lambda values is depicted in the Microsoft 
Excel sheet in Appendix 5 (example for Mineral Oil) and Appendix 6. 
 
Figure 3.11: A Stribeck curve indicates the lubrication regime 
In a piston ring contact, the lubrication regime changes depending on the crank angle. 
Boundary lubrication occurs during the first half of the power stroke [65]. In this study, 
boundary lubrication was preferred as it usually resembles a more severe contact condition.  
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3.6 Statistical analysis 
The one-way analysis of variance (ANOVA) was used to determine the significance 
of friction and wear data with a 95% significance level which calculation was performed by 
Microsoft Excel. In this analysis, the null hypothesis is defined as: “all means of experimental 
data are equal”. The probability of obtaining this null hypothesis is defined as P in which 
lower P-value is an indication of strong evidence to reject the null hypothesis. In this study, 
data points are statistically significant if the significance level, P-value < 0.05. The details of 
this analysis ANOVA is depicted in the Microsoft Excel sheet in Appendix 7 (example for 
analysis of COF for Mineral Oil, Palm Oil, Soybean Oil lubricated specimens). 
3.7 Summary of test method 
Investigations to assess the potential use of vegetable oils as biolubricants in an 
automotive engine require an extensive type of testing which includes the evaluation of 
friction and wear performance, surface analysis of worn specimens and chemical analysis of 
oils. In this study, a total of ten lubricants were tested which include the mineral engine oil, 
vegetable oils (palm oil and soybean oil), vegetable oil-mineral engine oil blends and 
vegetable oil-additive blends.  
It seems unfair to compare the performance of untreated vegetable oils with the fully 
formulated commercial mineral engine oil. However, on the basis of establishing the 
tribological data that comparing the worst case scenario with the best one, it is practically 
beneficial. The reference data of friction, wear and oil oxidation produced from the fully 
formulated commercial mineral engine oil is important and useful. This data provides a 
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targeted benchmark for the improvement to be achieved in the future. In addition, it is also 
expected that there would be some new knowledge that can be learned from the superior 
characteristics shown by the fully formulated mineral oil such as the additives used in the oil. 
Efforts have also been made to get the original untreated mineral oil from the oil 
manufacturer but this was not possible as this could be one of their key secrets in sustaining 
their business in the mineral lubricants area. 
Following a replication test of a piston ring motion on a cylinder liner of an internal 
combustion engine, a reciprocating sliding point contact was chosen in order to minimise the 
error that may come from misalignment of specimens. A steel ball and a grey cast iron flat 
specimen (EN-1561-GJL-250) were selected as rubbing materials for evaluating the friction 
on the counterface. The justifications for the test parameter choice on the friction test rig have 
been described in detail. A mass loss measurement was implemented to evaluate the wear 
performance of lubricated specimens.  
In view of wide hardness range of grey cast iron specimens, a technique to 
characterise the hardness on intended wear scar prior to the test is crucial. This was 
conducted by measuring the Vickers hardness at three points on the intended wear scar before 
the test. This step is important in ensuring the repeatability of wear result and thus, provides 
more robust tribological data. 
Several techniques were also selected to investigate the effects of lubricants on the 
wear scar surface after the friction and wear tests such as surface topography and surface 
morphology.  The surface topography investigation was conducted on the wear scar area in 
order to analysis the surface roughness and waviness value. The surface morphology analysis 
on the worn surfaces was performed by wear scar imaging. The optical microscope was used 
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for analysing the main wear mechanism in a broader view while the scanning electron 
microscopy was used for evaluating the wear mechanism on the very specific area and 
elemental analysis (EDX) on the worn surfaces.  
  For chemical analysis, selected oil samples were tested by spectrochemical analyser 
and gas chromatography tester in order to determine the possible elements and fatty acid 
composition that exist in the oil. In addition to this, the acid number and the oil viscosity 
were measured to determine the oxidation level of the used oil after the friction test. The 
oxidation stability tests of the fresh oil samples were also conducted by using the rotary 
pressure vessels oxidation test. 
The limitations of the friction and wear test were also described, highlighting their 
role as only the beginning of a more intensive testing in the future that is required to fully 
characterise the performance of vegetable oils under a variety of test conditions. Finally, 
issues related to the reliability of the test data was verified by performing the statistical 
calculation using the single variable of ANOVA. 
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Chapter 4:   Hardness characterisation of grey cast iron and its tribological 
performance in a contact lubricated with soybean oil 
In this chapter the friction and wear response to a wide hardness range of the EN1561-
GJL-250 grey cast iron (GCI) specimens lubricated with soybean oil are presented. The 
specimens are divided into 3 groups according to their hardness on intended wear scar 
regions, i.e. low, medium and high hardness. The results were analysed and discussed based 
on the related literature. The conclusions of the study are then presented. 
4.1 Introduction 
Grey cast iron is a common material for piston rings and cylinder liners, which are 
one of the main components of internal combustion engines. Its tribological performance 
relies on its flake graphite content, which gives good friction and wear performance. 
Nevertheless, the variation of reported hardness even in ‘standard’ grey cast iron is high. This 
may lead to variation of friction and wear results with this material. It is very important to 
consider this factor before a performance evaluation of vegetable oils lubrication is 
implemented. 
In view of this, in this work, the hardness of the grey cast iron specimens was 
measured in the intended locations of the wear scars before testing commenced. The 
behaviour of friction and wear across a high variation of hardness was then investigated with 
the soybean oil as the biolubricant. Friction and wear tests were also performed on 
unlubricated specimens for comparison. 
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4.2 Hardness properties of grey cast iron 
The hardness data of the specimens in the intended locations of the wear scars on 
Point 1, Point 2 and Point 3 at Scar 1, Scar 2 and Scar 3 (Section 3.2.1.1Figure 3.3) with the 
average value, depicted in Appendix 1 (number of hardness measurements per wear scar 
regions = 426). This average value was then summarised in tabular form (hardness class 
versus frequency) as shown in Table 4.1. The data were then plotted as a bar graph in Figure 
4.1 which shows the distribution of average hardness per wear scar regions on the GCI 
specimens before the friction and wear testing. Based on Figure 4.1, the hardness range of 
GCI specimens was found to be 65HV (lowest value 185 HV to highest value 250 HV). The 
majority of the hardness values were in the range 205 HV-209 HV (79 measurements) and 
210 HV-214 HV (78 measurements). Based on the hardness examination results, nine wear 
scars, with hardness in these ranges, were selected for use in the friction and wear tests. To 
facilitate the experiment, these nine wear scars were then grouped into three classes and 
labelled as low, medium and high hardness (Table 4.2). 
The distribution of GCI hardness value was as expected in which the high hardness 
range is comparable to previous literature (189.3-257.3 HB) [162] and in the standard (70 HB 
in range) (BS EN1561:2011). The hardness range from this work (65 HV) is similar to the 
GCI / ASTM 35B which is about 65 HB (65 HV) [162]. Hardness of GCI depends on factors 
such as element composition, size of flake graphite and distribution on the metal matrix and 
processing variable such as the casting cooling rate [166, 213].  
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Table 4.1: The frequency of average hardness per wear scar region that grouped based on 
hardness class. Total frequency (426) is equal to the total of wear scars where hardness were 
measured.  
 
Hardness class Frequency 
180-184 0 
185-189 10 
190-194 23 
195-199 38 
200-204 46 
205-209 79 
210-214 78 
215-219 39 
220-224 25 
225-229 27 
230-234 17 
235-239 15 
240-244 17 
245-249 8 
250-254 4 
255-259 0 
Total 426 
 
 
Figure 4.1: Distribution of average hardness per wear scar region on GCI specimens 
measured on intended wear scar regions before testing. The frequency denotes the number of 
wear scars where the average hardness measurements were performed. 
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Table 4.2: Hardness of nine selected wear scars of GCI grouped into low, medium and high 
hardness. 
Number Wear Scar 
Hardness (HV) 
Average Group 
Hardness (HV) 
Hardness group 
1 207.7 
206.5 low 2 206.7 
3 205.0 
4 224.3 
223.4 medium 5 224.3 
6 221.7 
7 240.0 
245.5 high 8 248.7 
9 247.7 
Cast iron that experiences a slow cooling rate produces lower hardness than rapidly 
cooled material. For example, different position in the same specimen in a casting bar (centre 
and corner position) produced different hardness (about 30 HB (30 HV)) due to the different 
cooling rate [166]. In addition, the cooling rate affects the microstructure of GCI by 
influencing the flake graphite size. A low cooling rate promoted bigger graphite size and 
produced lower hardness [167].  
The wide hardness distribution of GCI specimens found in the results above has 
driven an interest to study its influence to the tribological performance. This is very important 
in order to ensure more robust and consistent data of friction and wear is produced in 
evaluating the biolubricant performance. 
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4.3 Friction analysis 
The COFs for soybean oil lubricated GCI specimens are plotted in Figure 4.2a. 
Unlubricated GCI specimens (low hardness) were also tested for comparison. This specimen 
started with a high COF (0.292), which slowly reduced in magnitude. In contrast, for 
lubricated specimens, there was a low COF (about 0.09) at the beginning (running-in period), 
which increased gradually and then finally reached a steady state condition after about 45 
minutes. Significant COF differences were observed for unlubricated and lubricated 
specimens for low hardness when compared to others. However, the differences of COF for 
lubricated specimens at medium and high hardness were not clearly observed so in order to 
show this difference in detail, Figure 4.2b was plotted using the COF at 60 min.  
The COF for lubricated specimens is 13% lower at high hardness (0.122) compared to 
low hardness (0.140). Soybean oil lubricant was found to reduce the friction by 24% between 
lubricated (COF = 0.140) and unlubricated (COF = 0.185) specimens at low hardness. The 
ANOVA analysis of COF for all four above conditions (low, medium, high hardness and 
unlubricated specimens) were found to be significantly different (P<0.05, Table 4.3). 
However, for medium and high hardness specimens, the COFs were not significantly 
different (P>0.05, Table 4.4). 
The COF profiles from this work are similar to those categorised by Blau [47]. A 
possible reason for the running-in behaviour for the unlubricated specimen is the 
reorientation process of random crystal texture on the contact surface [47]. During the initial 
sliding process, the rearrangement of random atoms in the crystalline solids (lattice structure) 
occurs at near-surface area.  The preferred texture is gradually achieved which is a steady 
state of microstructure resistance to sliding. The sliding resistance at this condition is less 
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than the initial unworn surface of random orientation. A detailed discussion about this 
process has been previously discussed by Rigney and Hirth [214]. 
 
 
Figure 4.2: (a) Coefficient of Friction versus time and (b) Coefficient of Friction value 
at 60 minutes of specimens with low, medium and high hardness. 
The COF profile for unlubricated GCI in this study is also similar with unlubricated 
GCI specimens tested at 0.8 m/s by Sugishita [150] in which the higher COF at the beginning 
was explained to be due to the partial detachment of graphite at the start of the test. In 
addition, in the case of flake graphite cast iron, it takes some time for the graphite to be near-
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uniformly distributed across the surface in order to reach a steady state value of friction 
coefficient which is lower than the initial value [151]. 
Table 4.3: ANOVA analysis of COF for low, medium and high hardness specimens 
with unlubricated specimens 
 Count Sum Average Variance 
  
G
ro
u
p
s 
Low 3 0.421 0.140 3.81E-05 
Medium 3 0.370 0.123 6.35E-05 
High 3 0.365 0.122 2.19E-05 
Unlubricated 3 0.557 0.185 2.62E-05 
A
N
O
V
A
 
Source of 
Variation SS df MS F P-value Fcrit 
Between 
Groups 0.007983 3 0.002661 71.1270 4.14E-06 4.0661 
Within Groups 0.000299 8 3.74E-05 
   Total 0.008283 11 
     
Table 4.4: ANOVA analysis of COF for medium and high hardness specimens 
 Count Sum Average Variance 
  
G
ro
u
p
s Medium 3 0.370 0.123 6.35E-05 
High 3 0.365 0.122 2.19E-05 
A
N
O
V
A
 
Source of 
Variation SS df MS F P-value Fcrit 
Between 
Groups 4.49E-06 1 4.49E-06 0.1052 0.7618 7.7086 
Within Groups 0.000171 4 4.27E-05 
   Total 0.000175 5 
    
It is possible that the running-in behaviour of lubricated specimens is due to the 
removal of lubricious contaminants from the contact surface [48] and the disruption of the 
surface oxide layer by increasing the size of the metallic contact [50]. The removal of the 
graphite film due to the presence of the lubricant was also reported by Sugishita [150] which 
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reduces the solid lubrication effect during the running-in process. Therefore, the response of 
COF to different material hardness is subject to the breakdown of oxide films near the contact 
surface [215]. The high hardness specimens deform less, therefore, it is possible in preventing 
the excessive breakdown of the oxide film. This is shown by the amount oxygen element that 
retained on the worn specimen of high hardness specimen compared to the low hardness 
counterpart (this is discussed further in Section 4.8, Element analysis, Figure 4.11) and thus, 
the lower friction is produced as shown by COF of high hardness specimens.  
The friction force is defined here as the summation of adhesive force and ploughing 
force as expressed by Bowden and Tabor [159]. The low hardness specimen is prone to 
deeper indentation by the steel ball thus, producing a wider track width and more 
deformation. The wider track width promotes a higher ploughing force to displace material, 
which accumulates in front of the slider (pin), and this increases the ploughing component of 
friction [159]. Furthermore, based on the Bowden and Tabor’s formula, it can be shown that 
the plastic flow (close to the indentation hardness) may influence the adhesive component of 
friction in which low substrate hardness will produce a higher friction coefficient. 
4.4 Wear analysis 
Figure 4.3 shows the mass loss of GCI specimens after testing both with the contact 
lubricated with soybean oil and also unlubricated, for the three different hardness groups. At 
low hardness, soybean oil slightly reduced the wear by 7% (50.38 mg of mass loss) compared 
to unlubricated specimens (54.38 mg). The wear was inversely proportional to the hardness. 
For lubricated specimens, the mass loss is higher at low hardness (50.38 mg) compared to 
high hardness (12.90 mg), a difference of 74%. This shows that the difference in wear of 
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lubricated specimens (between low and high hardness) is very significant and greatly 
influenced by the wide range of surface hardness of the GCI specimens. 
 
Figure 4.3: Mass Loss of specimens with low, medium and high hardness 
The minimum film thickness, hmin, was calculated (Appendix 6, SBO lubricant to be 
2.19 x 10
-9
 m and the lambda ratio,  was 0.011). Based on this lambda value ( = hmin/ *), 
which is significantly less than 1, it is clearly shown that the minimum film thickness was 
much lower than the surface roughness. This means that the lubrication film was too thin to 
provide total surface separation therefore, it is suggested that the lubrication regime was 
boundary [212]. 
The main wear mechanisms for all of specimens were found to be abrasive in nature 
(Figure 4.13). In abrasion, microcutting is the most efficient way to remove material [216] 
and penetrate into the specimen surface. This depends on the hardness of surface where a 
softer surface has lower penetration resistant.  
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Based on ANOVA analysis, no significant difference in wear was found between low 
hardness specimens of lubricated and unlubricated (P>0.05, Table 4.5), and also between 
medium and high hardness specimens with lubrication (P>0.05, Table 4.6). However, the 
mass loss for all three specimens (low, medium and high hardness) are significantly different 
(P<0.05,Table 4.7). 
Table 4.5: ANOVA analysis of mass loss for low hardness and unlubricated specimens 
 Groups Count Sum Average Variance 
 
G
ro
u
p
s Low (Lubricated) 3 151.14 50.38 9.51 
Low (Unlubricated) 3 163.13 54.38 33.91 
A
N
O
V
A
 Source of Variation SS df MS F P-value Fcrit 
Between Groups 23.96 1 23.96 1.1037 0.3527 7.7086 
Within Groups 86.83 4 21.71 
   Total 110.79 5 
     
    Table 4.6: ANOVA analysis of mass loss for medium and high hardness specimens 
 
Table 4.7: ANOVA analysis of mass loss for low, medium and high hardness specimens 
 
 
Count Sum Average Variance 
 
G
ro
u
p
s Low 3 151.14 50.38 9.51 
Med 3 58.41 19.47 39.28 
High 3 38.71 12.90 2.17 
A
N
O
V
A
 Source of Variation SS df MS F P-value Fcrit 
Between Groups 2403.05 2 1201.52 70.7158 6.74E-05 5.1432 
Within Groups 101.94 6 16.91 
   Total 2504.94 8 
    
 Groups Count Sum Average Variance 
 
G
ro
u
p
s Medium 3 58.41 19.47 39.29 
High 3 38.71 12.90 2.17 
A
N
O
V
A
 Source of Variation SS df MS F P-value Fcrit 
Between Groups 64.68 1 64.68 3.12 0.1521 7.7086 
Within Groups 82.92 4 20.73    
Total 147.61 5     
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4.5 Wear scar appearance 
Figure 4.4a shows the wear scar appearance after 60 minutes while Figure 4.4b 
depicts the primary profile of the wear scar performed by profilometer. All wear scars have 
very similar formation, wavy-shaped scar indicating the onset of plastic deformation during 
sliding. The high hardness specimens produced the smallest wear scars.  
The wavy-shaped wear scars in this study are similar to those seen in the work carried 
out by Plint involving a hard ball (AISI 52100) on soft tool steel plate (NSOH B01) [217]. 
However, an explanation for the formation of the wavy-shaped wear scar was not discussed. 
Thus, in this study, the mechanism of the formation of wavy-shaped wear scar at the initial 
sliding stage is proposed in Figure 4.5.  
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Figure 4.4: (a) Wear scar appearance and (b) Primary profile of specimens with low, medium 
and high hardness 
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Figure 4.5: Formation of wavy-shaped wear scar at initial sliding stage 
At high normal load, the ball indents into the flat specimen prior to sliding (Position 
1, Figure 4.5). This ball then ploughs through the material and accumulates material against 
its sliding direction (Position 2, Figure 4.5). At Position 2, the ball has reached a point where 
the flow resistance is maximum (i.e. it has maximum resistance to its ploughing motion) and 
has started to develop a bulge on its front. The size of the bulge depends on the degree of 
penetration. At lower penetration, less material is ploughed with lower flow resistance and 
thus, a lower bulge can be formed. Due to the continuous tangential force produced by the 
test rig, the ball is then forced to move and slid on the bulge to the next position (Position 3, 
Figure 4.5) with the assistance of lubricious layer of fatty acids. The ploughing process was 
continued at this position where the bulge is formed again at its front of sliding direction. 
The debris that were produced from the sliding process is trapped in the groove 
between bulge and the ball and acts as third-body abrasive particles (Figure 4.6). This debris 
could increase of deepness of the groove through the abrasion process. This whole process 
Chapter 4 
 
126 
was performed repetitively in both direction (reciprocating), and after some time, a 
considerable wavy-shaped wear scar could be seen.  
 
Figure 4.6: Propagation of depth at the undulating profile by the abrasion process 
attributed by the trapped debris 
 
The phenomenon of the wave-shaped scars could also be explained by plastic 
ratcheting and the phenomenon known as shakedown limit. Ponter [218] described the 
relationship between Hertzian pressure to shear strength ratio and the COF (Figure 4.7). In 
this current study, the calculated Hertzian pressure was 1.7 GPa and the shear strength for 
GCI specimens was about 0.29 GPa (BS EN1561:2011). This yielded a Hertzian pressure-
shear strength ratio of about 6. At COF = 0.12 (values taken from the COF of high hardness 
specimens) and Hertzian pressure to shear strength ratio of more than 6, Ponter [218] 
suggests that the material deformation will enter the plastic ratcheting region. This is shown 
by the red dotted line in Figure 4.7. Plastic ratcheting occurs when the applied load exceeds 
the plastic shakedown limit, in which the progressive plastic deformation of surfaces occurs 
during repeated sliding (Figure 4.8) [219]. In the ratcheting process, the large plastic strains 
are slowly accumulated and superimposed during each sliding cycle (i.e. forward and 
backward sliding direction of reciprocating motion) as proposed in Figure 4.9. This 
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accumulated plastic strain could translate into accumulated deformed material in the form of 
bulge. The position of bulge are different and its size increases on every repeated cycle 
(Figure 4.9 a-h).   
 
Figure 4.7: The elastic, elastic shakedown, plastic shakedown and ratcheting region 
associated with Hertzian pressure, Po -shear strength ratio, K on coefficient of friction, f for 
sliding point contact [218]. 
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Figure 4.8: The different forms of structural response to cyclic loading: (a) elastic, (b) elastic 
shakedown, (c) plastic shakedown and (d) ratcheting [219] 
In order to understand the microstructure of the wear scar, the worn specimens (with 
low and high hardness) sectioned along the length of the wear scar are shown in Figure 4.10. 
The graphite in GCI specimen is distributed heterogeneously with significant differences in 
form and distribution type. The graphite form for the high hardness specimen is similar to 
Form I with distribution C (as described in BS EN ISO 945 [220]) with a lamellar shape. 
However, for low hardness specimens the graphite form is found close to spheroidal shape 
(Form III, distribution D) which suggests undercooling of graphite occurred [220] and tends 
to produce bigger graphite size and lower strength. Although more fine flakes were seen in 
low hardness specimens, this morphology is unfavourable because it prevents the 
development of a fully pearlitic matrix [213] which may also reduce the material strength.  
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Figure 4.9: Accumulation of deformed material (in the form of bulge) during repeated sliding 
of ratcheting causes the changing in bulge position and size 
The forms of graphite with a pearlite and ferrite matrix microstructure from this work 
are found to be similar with the GCI microstructure reported by Prasad in a pin on disc 
sliding test [154]. Further investigation near to contact surface (etched surface) of specimens 
of this current study revealed that a very high amount of ferrite matrix is found in the low 
hardness specimen while in the high hardness specimen, a pearlite matrix is found 
everywhere. This ferrite matrix has a lower hardness than the pearlite which contributes to its 
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lower strength. Furthermore, cracks and higher distortion of the pearlite matrix seen near to 
the worn surface for the low hardness specimen suggests that higher plastic flow occurred 
during the sliding process. 
 
Figure 4.10: Sectioning images of wear scar for low and high hardness specimens. 
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4.6 Surface waviness analysis 
To further investigate the influence of hardness on the formation of wave-shaped 
scars, measurements resulting in the primary profile and the waviness profile of the 
specimens were performed along the sliding direction in the middle of the scars. The typical 
primary profile result shown in Figure 4.4b shows that the medium and high hardness 
specimens have shallow depth compared to the low hardness specimen. The specimen with 
high hardness produced the lowest surface waviness (Wa = 15.00 m) while the low hardness 
specimen generated the highest surface waviness (Wa = 37.82 m). However, the 
unlubricated specimen (low hardness) is found to have lower surface waviness (Wa = 24.26 
m) than the lubricated counterpart.  
Material with high hardness typically has higher yield strength and more resistance to 
plastic strain, and the measurements of waviness profile after test match this relationship. In 
the context of the wavy-shaped scar, the harder the specimen is the lesser the surface 
waviness formed in the wear scar. This is due to lower plastic strain accumulated for harder 
specimens during the plastic ratcheting process. Although the wear of the unlubricated 
specimen (low hardness) is higher than the lubricated counterpart (low hardness), in terms of 
waviness it shows a lower value compared to the lubricated specimen. The lower waviness 
value suggests that less plastic deformation occurred. This can be seen as less distortion of 
pearlite matrix occurred for high hardness specimen in Section 4.5, Figure 4.10.  
The removal of the graphite film of GCI due to addition of lubricant was reported by 
Sugishita [150]. The result from elemental analysis (Figure 4.11) shows that more oxide layer 
(wt% of oxygen) is retained on the unlubricated specimen suggesting that the soybean oil 
Chapter 4 
 
132 
could disrupt the graphite film as solid lubricant in soybean oil lubricated specimens. The 
role of an oxide layer in reducing friction and wear rates was reported [50]. This oxide layer 
could act as a protective layer in decreasing the level of penetration from ball to flat 
specimens. Therefore, lesser plastic deformation may occur and the accumulation of plastic 
strain could be reduced. 
4.7 Surface morphology 
The images of the wear scar of GCI specimen after testing (Figure 4.13) were taken 
using the optical microscope at the different points (front, back and middle) shown in Figure 
4.12a. The surface roughness also were measured similarly (Figure 4.12b). Generally, for the 
lubricated specimens (for all hardness), the wear mechanisms involved are similar.  
The main wear mechanism for all specimens is abrasive wear with some evidence of 
plastic flow of material on the surface leading to cracks and spalling at Front and Back 
points. However, as the specimen hardness increased, the amount of abrasive wear is seen to 
be reduced. This is also shown by smoother surfaces on the Front and Back surfaces of high 
hardness specimens. The dark region on the unlubricated surfaces could indicate that the 
graphite was distributed across the surfaces (result is supported by high carbon content in 
elemental analysis, Figure 4.11). Severe abrasive wear was also observed to occur in the 
middle point of wear scar (unlubricated specimens). It can be noted that the abrasive wear 
was the dominant mechanism at the middle of the scar for both lubricated and unlubricated 
specimens. 
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Figure 4.11: Surface morphology under SEM (1000x) and elemental analysis 
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Figure 4.12: (a) Points on Wear Scar where the images and roughness are measured 
and (b) Surface roughness across wear scar taken at different points based on Figure 
4.12a 
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5
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13: Wear scar images under optical microscope taken at different point (Figure 4.12a) 
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It has been reported that the material hardness and abrasive wear resistance are 
proportional [157], therefore, a GCI specimen with lower hardness is less resistant to abrasive 
wear and abrasion marks are more likely to form on the surface. Measurements of surface 
roughness after these tests (Figure 4.12b) confirmed this relationship (between hardness and 
abrasion) as reported that surfaces roughness decreases when hardness increases [155] which 
indicates that less abrasion occurs for harder specimens. 
4.8 Elemental analysis 
The surface morphology of specimens was inspected under SEM to further investigate 
the wear mechanism in a smaller area with higher magnification (1000x). EDX analysis also was 
used in order to analyse the elements on the surface (results were displayed in elements 
spectrum, Appendix 8 and weight/ atomic percentage, Figure 4.11). Generally, from the SEM 
images (Figure 4.11) the wear mechanisms found in all specimens were abrasive and surface 
fatigue, confirming the earlier observations. However, there was no clear evidence on the 
existence of adhesion wear on the specimens’ surface. For lower specimen hardness (lubricated 
and unlubricated), some delamination, cracks and pitting were also observed.  
In the EDX analysis, the level of oxygen present on each specimen surface was recorded 
to investigate the nature of the oxide layer on the surface. For the lubricated specimens, a higher 
amount of oxygen was detected on high hardness specimens compared to low hardness 
specimens.  However, the amount of oxygen was found to be highest on unlubricated specimens 
compared to others because the oxide layer can continue to grow in an air environment after the 
material removal during sliding process. 
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Other work has reported that the metal oxide provides a protective layer during sliding 
[221]. In this study, the higher oxygen value that exists on high hardness specimens (lubricated) 
suggests that more oxide is retained on the surface compared to the low hardness specimens. 
This is due to less deformation occurring on the harder material thus preventing the oxide layer 
from breaking down. However, the lower amount of oxygen present on the lubricated specimen 
compared to unlubricated specimen suggests that the oxidation process of the lubricant (soybean 
oil) occurred during the sliding process. This seems particularly likely in this work as soybean oil 
is an unsaturated fatty acid with doubled bonded carbon atoms in the molecular structure and is 
therefore more susceptible to oxidation at elevated temperatures [114]. It was also noticed that 
higher carbon content produced in the unlubricated specimen compared to the lubricated 
suggests that the graphite is retained on the surface of GCI during the sliding process. 
4.9 Conclusions and Summary 
From the outcome of the experiments described in this chapter, the following conclusions 
can be highlighted: 
 The use of single bulk hardness values to represent GCI specimen hardness should be 
avoided. This bulk hardness would misrepresent the friction and wear data as hardness 
differs very much across the surface of GCI specimens. The difference in specimen 
hardness of GCI revealed a great influence on the wear and friction test data. Inconsistent 
wear and friction results may be produced for repeated tests if the hardness 
characterisation of GCI specimen has not been performed properly. The wide hardness 
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range that GCI has, could also contribute to the non-uniform wear and friction at contact 
interface for machine parts made from this material. 
 A hardness characterisation of GCI specimens close to the wear scar region prior to a test 
is very important in producing robust results of wear and friction. A high hardness of 
material should be selected in producing lower friction and high wear resistance. 
 The influence of soybean oil over a wide range of GCI specimen hardness is significant. 
In terms of lubrication, the soybean oil showed less contribution to wear resistance (about 
7%), but rather serves to decrease friction (about 24%) compared to an unlubricated 
surface. 
 The findings presented in this chapter have highlighted the importance of controlling the 
specimen hardness on the intended area of wear scar prior to the test. This is critical in the case 
of assessing the tribological performance of two lubricants where the differences in friction and 
wear are very small.  
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Chapter 5:   Investigation into the tribological performance of palm oil 
and soybean oil in a reciprocating sliding contact at severe contact 
conditions 
In this chapter, the friction and wear performance of pure vegetable oils is presented 
with mineral oil as a comparison. The performance assessment was carried out using a 
linear reciprocating sliding point contact with a 100 C lubricant temperature and initial 
contact pressure of >1 GPa. Grey cast iron specimens, with tight hardness control in the 
intended area of wear scars, were used. Surface analysis of the specimens and chemical 
analysis of oils were performed to support the main experimental results. 
5.1 Introduction 
Palm oil (PO) and soybean oil (SBO) are the two types of vegetable oil that have 
the highest consumption of the world’s vegetable oil production [222]. These two oils 
differ in the type and composition of fatty acids they contain. PO has a higher degree of 
saturated fatty acids compared to SBO. Saturated fatty acids that exist in PO, like palmitic 
acid and stearic acid, have no double bond in their carbon chain and thus, are less reactive 
to oxidation. The fatty acids that inherently exist in the vegetable oils make them a suitable 
candidate for biolubricants. In theory, the fatty acids act as lubricity agents in assisting the 
formation of protective films. This is due to a polar group (-OH) that is present at one end 
of the fatty acid molecule and reacts with the substrate surfaces through the mechanism of 
adsorption.  
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Based on the literature, most reports on the tribological performance of pure PO 
and SBO are insufficient to assess their potential use in machines (e.g. internal combustion 
engines and industrial equipment). Most of the tests were conducted at either room 
temperature with low applied load and/or by unidirectional test rigs (four-ball-tester and 
pin-on-disc). These are not applicable for simulating the motion in many machine element 
contacts, for example, the piston ring and cylinder liner, since the material in the tribo-pair 
and the nature of motion of the test specimens are not similar. 
 In view of this, the tribological tests in this chapter were performed on pure palm 
oil and soybean oil using a reciprocating test rig at a higher load and higher temperature 
with grey cast iron as the counterface. The friction and wear response of commercial 
mineral oil lubricated specimens and unlubricated specimens were also measured for 
comparison. All experiments include the friction and wear test as well as the elemental and 
oil analyses in this chapter and subsequent chapters were following the methods described 
in Chapter 3, Section 3.2-3.6. 
5.2 Friction analysis 
The average COF values for specimens lubricated with PO and SBO are shown in 
Figure 5.1a in which the MO and unlubricated GCI specimen results are also plotted as a 
comparison. The final COF value at 60 min uses is also depicted in Figure 5.1b. In general, 
the COF for lubricated specimens (PO, SBO and MO) started with a low value and 
increased gradually until it reached steady state. The unlubricated specimens, however, 
began with a high COF and then slowly reduced throughout the experiment. The palm oil 
lubricated specimen gave lower COF (0.105) than the soybean oil counterpart. The mineral 
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oil produced the lowest COF (0.093) while the unlubricated surface recorded the highest 
COF value. The difference between the COF of PO and MO lubricated specimens is about 
11%. The PO lubricant, compared to unlubricated, achieved an improvement of 41% in 
friction. The result from single variable ANOVA analysis also showed that there is a 
significant different (P-value < 0.05, Table 5.1) between the COF for PO, SBO and MO.  
 
 
Figure 5.1: (a) Average coefficient of friction versus time for Palm Oil (PO), Soybean Oil 
(SBO), Mineral Oil (MO) and unlubricated specimen (UL) and (b) Coefficient of friction 
value at 60 minutes 
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Table 5.1: ANOVA analysis of COF for PO, SBO and MO lubricated specimens 
 Count Sum Average Variance 
  
G
ro
u
p
s MO 3 0.2799 0.093 3.71E-05 
PO 3 0.3137 0.105 2.17E-07 
SBO 3 0.3355 0.112 1.21E-05 
A
N
O
V
A
 
Source of 
Variation SS df MS F P-value Fcrit 
Between 
Groups 0.00052 2 0.000261 15.81483 0.004054 5.143253 
Within Groups 9.89E-05 6 1.65E-05    
Total 0.000620 8     
The effectiveness of fatty acids as a lubricant is well known [223]. The strong 
polarity of the fatty acids that exist in vegetable oils contributes to the formation of a 
mono-molecular layer through the attraction of carboxyl group (COOH) to the metallic 
surfaces [224]. Therefore, the PO and SBO reduced the COF compared to the unlubricated 
surface. The COF value for GCI lubricated with PO from this work is close to the COF  
value for grey cast iron (lower piston ring specimens) lubricated with PO reported by 
Masjuki (COF = 0.092) [15].  
The difference between COF for PO and SBO could be influenced by the 
composition of saturated and unsaturated fatty acids that exist in vegetable oil. The results 
of gas chromatography for vegetable oil samples used in this study (Figure 5.2) have 
confirmed that a higher degree of unsaturated fatty acids exist in the SBO (oleic, linoleic 
and linolenic acids) compared to the PO counterpart which contains more saturated fatty 
acids (myristic, palmitic and stearic acids) in the oil samples. 
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Figure 5.2: Composition of fatty acids for palm oil and soybean oil samples in this study 
tested by gas chromatography 
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Figure 5.3: Molecular structure of different type of fatty acids [108]. 
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The COF rises with an increase in unsaturated fatty acids, where stearic acid 
(saturated acid) exhibits a lower friction coefficient than the oleic and linoleic acid 
(unsaturated acids) [134]. Saturated fatty acids contain no double bond in their carbon 
chain (Figure 5.3), thus the molecules can more easily align themselves in a straight chain 
and are closely packed on the surface to promoting a smooth interaction during motion (as 
discussed further in Section 5.3 and Figure 5.5). Unsaturated fatty acids, on the other hand, 
have double bonds and produce a bend in their chain (Figure 5.3), thus they are not as 
closely packed on the surface. SBO contains more unsaturated fatty acids (oleic and 
linoleic acids) than PO [114], and thus produces higher friction than PO.  
The commercial MO lubricated specimens produced the lowest friction and this is 
likely due to the fact that its base oil has been treated by additive package that may 
function in part as a friction modifier. The existence of molybdenum in a spectrochemical 
analysis for the MO (Table 5.2) suggests that the additive could be from molybdenum-
dithiophosphate or dithiocarbamate as these additives can reduce the friction in motor oil 
[225]. The existence of friction modifier in commercial lubricant is significant in reducing 
the friction as untreated MO (paraffinic MO) produced higher friction than PO at different 
normal load [226]. 
5.3 Wear analysis 
Figure 5.4 shows the wear data (average mass loss) of the specimens lubricated 
with PO, SBO, MO and unlubricated. The unlubricated specimens produced the highest 
wear with 51.36 mg in mass loss. The soybean oil lubricated specimens has a slightly 
lower mass loss (42.73 mg) than the palm oil lubricated specimens (45.76 mg), a 
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difference of about 7%. However, the mineral oil showed superior wear resistance 
compared to vegetable oils in which the mass loss was 0.65 mg, about a 98% difference 
than the SBO lubricated specimens. The palm oil improved wear 16% compared to the 
unlubricated specimens.  
Table 5.2: Elements in commercial MO in parts per million (ppm) from a spectrochemical 
test 
Elements Ca Zn P Mo B Mg Si Al Fe 
ppm 2825 781 695 167 43 32 3 3 1 
 
 
Figure 5.4: Average mass loss of specimens lubricated by palm oil (PO), soybean oil 
(SBO), mineral oil (MO) and unlubricated specimen (UL) 
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Table 5.3: Minimum film thickness, hmin and lambda ratio,  for all lubricants 
Lubricant 
Pressure-viscosity 
coefficient (Pa
-1
) 
 
hmin (nm) 
 
 
Initial Final Initial Final Initial Final 
Mineral Oil 1.39x10
-8
 1.43x10
-8
 3.617 3.709 0.018 0.039 
Palm Oil 1.17x10
-8
 1.19x10
-8
 2.42 3 2.454 0.013 0.011 
Soybean Oil 1.08x10
-8
 1.09x10
-8
 2.198 2.249 0.011 0.009 
The calculated lambda ratio () for all lubricants (Table 5.3) showed that the 
lubrication regime was boundary (<1) (Appendix 6). The film thickness at the end of the 
test was also calculated based on the values of oil viscosity and surface roughness of 
specimens after 60 min of use. Slight increases in film thickness for all oils were noticed at 
the end of each the test due to an increase in viscosity of the oil. The existence of fatty 
acids play an important role in reducing the wear of material in boundary lubrication thus 
the specimen lubricated with vegetable oils (enriched with fatty acids) gave lower wear 
than the unlubricated specimen of GCI. From the results of COF (Figure 5.1b) and wear 
between PO and SBO, it can be seen that the wear and friction have no relation in 
vegetable oil lubrication. The lower wear result of specimen lubricated with SBO 
compared to PO is similar to the four ball test results reported by Syahrullail [9].  
At this stage, it is interesting to discuss the theory of the role of the fatty acids’ 
molecular chain structure in influencing both friction and wear as proposed in Figure 5.5. 
Figure 5.5a illustrates the linear structure of a saturated fatty acid chain that enriches in the 
PO composition. This linear chain makes it easier it to be aligned in parallel form after a 
polar group of carboxyl acid (-OH) is adsorbed to the metal surfaces (ball and flat). The 
straight and parallel arrangement of these carbon chains could promote a smoother 
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interaction during motion, particularly in the relative direction. However, due to its 
linearity, it might be possible for the chain to fill the gaps in between and increase metal-
to-metal contact. SBO, on the other hand, has a higher degree of unsaturated acid which 
aligns themselves in a bent chain. Although the bent chain structure promotes higher 
motion resistance (due to ‘unsmooth’ interaction during motion), on the other hand, it 
provides better protection in minimising the metal-to-metal contact. 
 
 
 
 
Figure 5.5: The molecular chain structure of (a) saturated and (b) unsaturated fatty acids  
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Further investigation of surface morphology (also discussed further in Section 5.6 
and Figure 5.10 ) revealed that the PO lubricated specimen has a lower oxygen element 
than the SBO counterpart. This suggests that less oxide layer is retained by PO to prevent 
wear due to increasing in metal-to-metal contact. However, the statistical analysis of single 
variable ANOVA revealed that there is no significant different (P-value > 0.05, Table 5.4) 
between the wear of the specimens lubricated with PO and SBO. Although it was reported 
that the untreated MO (paraffinic oil) produced lower wear than PO, however, the 
difference is 20% [226]. This indicates that the fully formulated MO used in this study has 
been improved by its manufacturer especially its wear protection characteristics. 
Table 5.4: ANOVA analysis of mass loss for PO and SBO unlubricated specimens 
 Count Sum Average Variance 
  
G
ro
u
p
s PO 3 137.28 45.76 16.3291 
SBO 3 128.19 42.73 37.4544 
A
N
O
V
A
 
Source of 
Variation SS df MS F P-value Fcrit 
Between Groups 13.77135 1 13.7713 0.513782 0.51378 7.70864 
Within Groups 107.567 4 26.8917    
Total 121.3383 5     
The superior wear resistance performance exhibited by the commercial MO over 
vegetable oils (98% difference) in this study could be attributed to the existence of an 
additive package that includes an anti-wear agent, zinc dialkyl dithiophosphate (ZDDP). 
This is shown by the detection of zinc in spectrochemical analysis (Table 5.2) and 
elemental analysis (as discussed further in Section 5.6, Figure 5.10 ). It has reported that at 
mild contact conditions (room temperature and 3.0 MPa contact pressure) the wear of palm 
oil lubricant was better than mineral oil [15], however, at severe contact conditions (i.e. 
this study) the wear when palm oil is the lubricant gave a much higher value than mineral 
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oil (more than forty orders of magnitude). This is due to the adsorption mechanism of the 
polar group of fatty acid (-OH) molecules in the vegetable oil in reducing metal-to-metal 
contact being only effective at low temperature and low load [224].   
Further examination of the worn surfaces of the PO and SBO lubricated specimens 
suggests that a breakdown of lubrication occurred which led to severe wear. This is 
supported by the presence of a burn mark (visible under the optical microscope and as 
discussed further in Section 5.6, Figure 5.9) which is could be caused by frictional heat 
from metal-to-metal contact on the PO and SBO specimens. However, this appearance was 
not reported in normal (not severe) contact conditions [15]. To support this suggestion, the 
surface temperature obtained for specimens lubricated with the vegetable oils was 
estimated  (Appendix 9) using test parameters, material properties and the COF [206].  The 
total contact temperature of the soybean oil lubricated surface was about 182 C and 177 
C for PO lubricated specimens. The colour of burn marks on the worn specimens was 
then compared with the steel tempering colours [227] (Figure 5.6). As a result, it showed 
good agreement between the surface temperature and the tempering colour temperature. 
The brownish colour (burn marks) on the worn specimens of PO and SBO (Figure 5.9) 
were close to the colour of tempered steel at about 204 C (Figure 5.6). This strengthened 
further the suggestion that the presence of burn marks on the worn specimens was due to 
the frictional heating caused by the breakdown of lubrication.  
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Figure 5.6: Tempering colours of steel [227] 
5.4 Surface topography and waviness analysis 
An indication of the typical wear scar appearance for all specimens after 60 min of 
testing is presented in Figure 5.7a. The primary profile and waviness measurement value 
are plotted in Figure 5.7b.The wear scar of MO (Figure 5.7a) has a narrow width and a 
smoother profile than the others. Compared to normal contact conditions test performed by 
Masjuki [15], at severe contact conditions, the vegetable oil lubricated specimens and 
unlubricated specimens in this study produced similar ‘unsmooth’ appearance (wavy-
shaped scar). The unlubricated specimen has the deepest wear scar depth. In terms of 
surface waviness, the PO lubricated specimen produced the highest value (Wa = 41.43 
m) compared to SBO and unlubricated counterparts. The MO lubricated specimen 
produced the lowest surface waviness (Wa = 1.40 m). 
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Figure 5.7: (a) Wear scar appearance and (b) Primary profile of specimens lubricated with 
mineral oil (MO), palm oil (PO), soybean oil (SBO) and unlubricated specimen (UL) 
The formation of a wavy-shaped scar on unlubricated specimens and specimens 
lubricated with vegetable oils suggest that the shakedown limit was exceeded or plastic 
ratcheting occurred during the sliding process. This is caused by the high contact pressure 
that was applied. Due to higher normal load applied in this study, the contact condition 
entered the plastic ratcheting region [218] and produced accumulation of deformed 
material in the form of bulges (as discussed in Section 4.5 and Figure 4.7 – 4.9). However, 
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the relatively smaller and smoother wear scar produced by the MO lubricated specimens 
suggests that the anti-wear additive (ZDDP) that exists in the commercial MO performed 
very well in reducing the wear and preventing deeper penetration of the ball into the flat 
specimen. A lower degree of penetration could be equivalent to a contact condition with 
lower applied load, which may to prevent the contact from passing the plastic shakedown 
limit and entering the ratcheting region. Although the PO lubricated specimen produced 
lower COF than the SBO and unlubricated counterpart, its surface waviness value showed 
the highest value (Wa = 41.43 m). This shows that the COF was not significantly 
dominated by the surface waviness factor in the existence of vegetable oils as a lubricating 
agent. 
5.5 Surface roughness analysis 
The average surface roughness (Figure 5.8b), Ra, of specimens across the wear scar 
was measured at different points (Figure 5.8a). The MO lubricated specimen showed the 
lowest and most consistent surface roughness along the wear scar compared to vegetable 
oils and unlubricated counterparts. The unlubricated specimen demonstrated the highest 
roughness while the PO lubricated specimen produced lower roughness than the SBO. 
Points M2 and M3 were found to contribute rougher surfaces than other areas for PO, SBO 
and the unlubricated specimen. This suggests that both points (M2 and M3) experienced 
higher abrasive wear due to the debris that accumulated in the groove at point Middle 2. 
The surface roughness results across the wear scar correspond to COF values for all 
specimens as higher surface roughness may contribute to higher COF [228]. In this study, 
the lower surface roughness exhibited by the MO lubricated specimen has produced lower 
COF.  
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Figure 5.8: (a) Points on wear scar for inspection and (b) Surface roughness measured at 
different points 
5.6 Surface morphology and elemental analysis 
The surface morphology of wear scars under an optical microscope (Figure 5.9) 
after 60 min of testing are depicted at different points (Front, Back, M1, M2 and M3) in 
Figure 5.8a. The specimen lubricated with MO exhibited a similar appearance at each 
point with some pitting and spalling especially at points Front and Back which indicate 
more damage at the stroke ends. The same tendency has also been seen where more severe 
scuffing damage occurred at the stroke ends in reciprocating pin-on-pin for a fuel 
lubricated test [229]. In a reciprocating sliding test, the speed turns to minimum at stroke 
ends before changing the direction. The lower velocity at stroke ends causes a lower film 
direction of 
roughness 
measurement 
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thickness and thus promotes scuffing. Further investigation of the MO lubricated surface 
by SEM (Figure 5.10) confirmed the existence of spalling (delamination) and cracks 
suggesting that the wear mechanism involved is fatigue wear.  
For the specimens lubricated with PO and SBO, the main wear mechanism was 
found to be abrasive with some evidence of plastic deformation on the surface (Figure 
5.9), especially at the stroke ends (Front and Back). The abrasive marks were smaller at 
points Front and Back for PO and SBO specimens compared to the middle points. This 
probably suggests that the wear particles accumulated at the middle points of PO and SBO 
specimens due to the wavy-shape of the wear scars, and thus contributed to third body 
abrasive wear. Some burn marks were also found on specimens lubricated with PO and 
SBO which suggests that high frictional heating occurred, probably due to breakdown of 
lubrication (Figure 5.9). The wear mechanism for the unlubricated specimens was found to 
be abrasive and fatigue wear, with the existence of a dark region on the surface suggesting 
that a graphite layer was formed. 
The elemental analysis of lubricated specimens by EDX is presented in Figure 
5.10. It was found that the oxygen element in the PO specimen was slightly lower than the 
SBO. A higher amount of oxygen and carbon was also noted in the unlubricated specimen. 
The specimen lubricated with MO has a higher content of sulphur (1.36 wt%) and 
phosphorus (0.72 wt%) compared to the unlubricated specimen. A higher percentage of 
oxygen and a small amount of zinc (0.90 wt%) were also detected at the MO specimen’s 
surface.  
  
 
 
1
5
5
 
 
Figure 5.9: Optical microscope images of wear scar for all lubricants (20X magnification) 
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Figure 5.10: Scanning electron microscopy (SEM) images (1000X magnification) and 
elemental analysis of wear scar for all lubricants 
The higher percentage of oxygen on the surface of the SBO specimen compared to the 
PO specimen suggests that more oxide layer is retained on the surface, so reducing the metal-
to-metal contact, thus lower mass loss is produced in the SBO specimen. A similar reason 
could be applied to the specimen lubricated with MO in which a higher level of oxygen is 
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detected, suggesting that more oxide layer exists to prevent the metal-to-metal contact [221]. 
However, the lower amount of oxygen found in specimens lubricated with PO and SBO 
compared to the unlubricated specimen could be due to absorption of oxygen in the oil as 
vegetable oil is susceptible to oil oxidation [114]. The higher amount of carbon in the 
unlubricated specimen could be due to the formation and distribution of a graphite layer 
during the sliding process. The higher content of phosphorus in the MO specimen compared 
to others suggests that this element came from the MO (Table 5.2). The existence of zinc in 
the MO specimen suggests that the additive package contains this element. The most 
probable additive related to zinc is the anti-wear additive, ZDDP. 
5.7 Acid number analysis 
Figure 5.11 shows the acid number (AN) measurement result that characterises the 
lubricant degradation for MO, PO and SBO before and after the test. For fresh oil, the PO has 
a lower AN value than SBO while MO has the highest AN. It is clearly seen that all used oil 
after the test produced higher AN than new oil. The difference of AN for new and used oil 
(after wear test) is lowest for MO (0.16 mgKOH/g) than PO (0.21 mgKOH/g) and SBO (0.30 
mgKOH/g). The AN values for all oil samples after rotary pressure vessel oxidation test 
(RPVOT) were greatly increased. 
The higher AN value exhibited by SBO than PO suggests that the SBO sample used 
in this study is more acidic than the PO sample. The AN for MO in this study (2.24 
mgKOH/g) is near to the UFA Super Engine Oil (15W-40) at 2.8 mgKOH/g [230]. Higher 
AN in MO compared to vegetable oil could be attributed to the existence of ZDDP additive 
as the ZDDP was found to increase the AN for base oil [231]. An increase in AN for the used 
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oils (both from wear test and RPVOT) in Figure 5.11 indicate that the oils have been 
undergoing a process of oxidation during the wear test as acids are formed during the oil 
oxidation process. The highest difference of AN before and after testing for SBO (0.30 
mgKOH/g) compared to other oil showed that the SBO is more vulnerable to oxidation due to 
the higher unsaturation fatty acids (oleic, linoleic and linolenic acids) that exist in SBO. The 
lower oxidation stability of SBO could lead to higher COF as oil oxidation could increase the 
friction force [232].   
 
Figure 5.11: Acid Number for Mineral Oil (MO), Palm Oil (PO) and Soybean Oil (SBO) for 
fresh and used oil 
5.8 Oil viscosity analysis 
The dynamic viscosity for fresh oil, used lubricants (from wear test rig) and oil 
samples after RPVOT test were measured at 40 C and 100 C (Figure 5.12). For fresh oil at 
Chapter5 
 
159 
100 C, the MO showed highest viscosity (12.56 cP) followed by PO and SBO. A similar 
trend of viscosity was found for all fresh oils at 40 C. All lubricants demonstrated 
decreasing viscosity at higher temperature, 100 C compared to 40 C. However, the 
vegetable oils showed more resilience to viscosity changes due to temperature than MO. This 
is due to the vegetable oils having a higher viscosity index than MO. It was shown by 
RPVOT samples that an increase in oil oxidation could increase the viscosity. Although the 
AN for used oils (from the wear test rig) in this study have increased which suggests they 
underwent an oxidation process, the viscosity difference for fresh and used oil is not 
significant. This shows that the oil oxidation process occurring during the test was not very 
severe.  
The higher wear result on PO and SBO lubricated specimens compared to MO 
(Figure 5.4) could be due to the lower lubricant viscosity that they have. It was reported that 
with lower viscosity oils, piston rings also exhibited higher wear rates [233]. The viscosity 
result of PO and SBO could also be the possible reason to support why the PO specimen has 
lower COF than SBO (Figure 5.1b). The Stribeck curve shows that in the boundary 
lubrication regime [212], lower viscosity (with same speed and load) of lubricant causes 
higher friction. In this study, the PO has higher viscosity than SBO and therefore produced 
lower COF.  
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Figure 5.12: Viscosity of Mineral Oil (MO), Palm Oil (PO) and Soybean Oil (SBO) 
5.9 Oxidative stability analysis 
Figure 5.13 depicts the oxidation stability result which shows how fast the MO, PO 
and SBO oxidised in pressurised oxygen in a pressure vessel. Based on the oxidation time 
and the obtained peak pressure value, the MO has far greater stability than the vegetable oils. 
This could be due to the existence of anti-oxidant additive such as ZDDP in the MO, thus, 
prevent the rapid oxidation. The PO was more stable in oxidation than SBO. The lower 
oxidation time of SBO compared to PO is due to the existence of higher unsaturated fatty 
acids which may promote oxidation. The inferior performance of PO and SBO in the 
oxidative stability test compared to commercial MO supports the suggestion that a limitation 
in the vegetable oils’ tribological performance is because oxidised oil could increase the wear 
[11]. 
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Figure 5.13: Rotary pressure vessel oxidation test (RPVOT) result for Mineral oil (MO), 
Palm Oil (PO) and Soybean Oil (SBO) 
5.10 Conclusions and Summary 
From the results of experiments conducted for vegetable oils at extreme condition, the 
following conclusions can be drawn:  
 Pure palm oil exhibited lower friction coefficient than soybean oil, while soybean oil 
showed better performance of wear protection than palm oil. This showed that friction 
and wear is not directly related in vegetable oils lubrication. 
 The lower viscosity and oxidative stability that the vegetable oils have could 
contribute to their poor wear resistance. At severe contact conditions, the vegetable 
oils are likely to breakdown and consequently produce a wavy-shaped profile of wear 
scar which indicates that the contact has entered the plastic ratcheting region. 
However, in terms of friction performance, pure palm oil is a potential base fluid for 
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biolubricant as it differs about 11% higher than commercial mineral engine oil 
(15W40).  
The direct use of natural vegetable oils as a lubricant in automotive engine could 
potentially cause catastrophic damage to engine components. The superior tribological 
performance shown by the commercial mineral engine oil compared to vegetable oils (wear 
differ in 98%), especially in preventing wear, has resulted in an idea to investigate the friction 
and wear performance of the blending for these two oils (discussed in Chapter 6). This could 
reduce the dependency on mineral base lubricants, even if only by a few percentage points. 
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Chapter 6:   Friction and Wear Performance of Vegetable Oil-Mineral Oil 
Blend in a Severe Reciprocating Sliding Contact  
Following on from the discussion presented in Chapter 5, the work described here aims 
to build further understanding of the wear and friction response of a mineral oil-vegetable oil 
blend. The two vegetable oils considered (palm oil and soybean oil) were selected as they are 
produced in the highest in volumes globally [207]. These oils were blended individually with 
a commercial mineral engine oil (15W40) at a 1:1 ratio by volume. This ratio was chosen so 
that any domination of one oil over the other can be clearly seen. A blend of palm oil and 
soybean oil at the same ratio was also performed as comparison. The surface morphology 
was assessed and both surface elemental analysis and chemical analysis of the oil were also 
performed. 
6.1 Introduction 
It has been reported that it is feasible to blend vegetable oils together [140, 234] or 
with mineral oil [20, 22, 23] to modify their characteristics and performance. A blend of oil 
can be created by mixing of two or more oils to achieve the anticipated performance, for 
example, a mix of two vegetable oils (palm oil and olive oil) shared the fatty acid 
composition and physicochemical properties like melting point, viscosity and iodine value 
which is related to the blend ratio [140]. This indicates that in oil blends, the value of fatty 
acids and physicochemical properties are possible to be adjusted so that the value is in-
between of the value of their pure oil. It has also been reported that an addition of a vegetable 
oil into mineral oil may cause reduction in the viscosity and of additive elements in the 
blended oil relative to the mineral oil [22].  
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From the experimental results in Chapter 5, the commercial mineral engine oil was 
found to greatly outperform the vegetable oils in terms of wear resistance, friction, and 
oxidation stability. However, this oil is relatively expensive and less environmentally friendly 
compared to pure vegetable oil. By blending both of these oils, the cost of lubricant can be 
reduced and furthermore the total dependency on petroleum base stock can also be decreased. 
The superior performance of mineral engine oil especially in wear resistance over vegetable 
oils has led to an interest in understanding on its tribological response, after an amount of 
vegetable oil is added into it.  
Although the tribological performance of mineral oil-vegetable oil blends has been 
considered before, those studies were limited to particular test rigs (either four ball tester or 
pin-on-disc) and testing at room temperature [20, 22, 23]. Thus, a different means of testing 
is still needed especially involving performance closer to the contact motion found in real 
applications (for example an internal combustion engine systems). In view of this, a 
combination of a reciprocating sliding test rig with grey cast iron specimens performed at a 
higher temperature was applied to these oil blends. All experiments include the friction and 
wear test as well as the elemental and oil analyses in this chapter were following the methods 
described in Chapter 3, Section 3.2-3.6. 
6.2 Friction Analysis 
Figure 6.1a shows the coefficient of friction (COF) profile versus test duration (60 
minutes) and Figure 6.1b highlights the average value of COF at the end of the test. Most 
lubricants started with a low initial COF which then increased gradually before reaching a 
steady state value at about 30 minutes. These COF trends are close to those categorised by 
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Blau [47] who suggested that this running-in behaviour might be due to the removal of 
lubricious contaminants from the contact surface [47] and disruption of oxide layer on the 
contact surface thus increasing the metal-to-metal contact [50]. 
 
Figure 6.1: (a) Average Coefficient of Friction profile with experiment time and (b) Average 
Coefficient of Friction at 60 min. The error bars represent the standard deviation of the test 
data. 
At the end of the test, the MO exhibited the lowest COF (0.093) while the blend of 
PO and SBO in 1:1 ratio (PO:SBO) produced the highest COF (0.125). The COFs for a blend 
of MO and vegetable oil generated a value in-between their pure oil states. Only a small 
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reduction is noted compared to their pure state. A blend of MO and PO (MO:PO) yielded a 
COF of 0.104, 1% less than pure PO (COF = 0.105). A slight improvement of COF was also 
found in a blend of MO and SBO (MO:SBO), in which the COF (0.109) only reduced 3% 
from pure SBO (COF = 0.112). A significant difference between the mean of the data for all 
lubricants in Figure 6.1b was also found through the ANOVA analysis (P-value < 0.05, Table 
6.1).  
Table 6.1: ANOVA analysis of COF for all lubricants 
 Count Sum Average Variance 
  
G
ro
u
p
s 
PO 3 0.3137 0.105 2.17E-07 
MO:PO 3 0.3124 0.104 6.22E-06 
MO 3 0.2799 0.093 3.71E-05 
MO:SBO 3 0.3267 0.109 1.54E-08 
SBO 3 0.3355 0.112 1.21E-05 
PO:SBO 3 0.3761 0.125 0.000181 
A
N
O
V
A
 
Source of 
Variation SS df MS F P-value Fcrit 
Between 
Groups 0.00052 2 0.00026 15.8148 0.00405 5.14325 
Within Groups 9.89E-05 6 1.65E-05    
Total 0.00062 8     
Table 6.2 shows the spectrochemical analysis of all the lubricants tested in this study 
and expresses the existence of elements in parts per million.  There are a number of elements 
abundantly detected in the MO (calcium, zinc, phosphorus, molybdenum, boron and 
magnesium) relative to other oils. This suggests that, as expected, it has been treated by an 
additive package which comprises of these elements. The lowest COF exhibited by the MO 
specimens could be influenced by a friction modifier in the oil, typically molybdenum-
dithiophosphate or dithiocarbamate, as these class of additives aim to reduce the friction in 
engine oil [225].  
Chapter 6 
 
167 
Table 6.2: Elements detected in lubricants in part per million (ppm) from spectrochemical 
analysis 
Elements 
Lubricants 
PO MO:PO MO MO:SBO SBO PO:SBO 
Calcium 0 1341 2825 1356 25 16 
Zinc 1 389 781 393 3 3 
Phosphorus 0 327 695 359 59 30 
Molybdenum 0 80 167 80 0 0 
Boron 2 20 43 20 1 1 
Magnesium 0 6 32 13 17 8 
Silicon 3 20 3 5 2 3 
Aluminium 0 2 3 2 0 0 
Iron 0 2 1 1 0 0 
Sodium 2 7 0 7 3 3 
Lead 0 1 0 1 0 0 
Barium 0 1 0 0 0 0 
The analysis shown in Table 6.2 demonstrates that the composition of the elements 
that was detected in MO (calcium, zinc, phosphorus, molybdenum, boron and magnesium) 
was diluted into about 50% for vegetable oils-mineral oil blend (MO:PO and MO:SBO). This 
shows that the influence of the friction modifier (from molybdenum [225]) in the MO–
vegetable oils blend have deteriorated. Thus, the COF for oil MO:PO and MO:SBO were 
recorded to be in-between their pure oil states.  
It is also suggested that the base oil of vegetable oil influences the performance of the 
blend, for example, the MO:PO blend produced a lower COF than MO:SBO as the pure PO 
produced a lower COF than a pure SBO. The PO comprises more saturated fatty acids 
(containing no double bonds) than SBO, thus, it could be easier for the molecules to align 
themselves in a closely packed straight chain, on the metal surface. Thus, a smoother 
Chapter 6 
 
168 
transition during motion was created (as proposed in Figure 5.5, Chapter 5) in the MO:PO oil 
than MO:SBO. 
6.3 Wear Analysis 
Figure 6.2a shows the average mass loss of the specimens after 60 minutes of testing 
for each lubricant and their related wear scars. From the minimum film thickness (hmin) 
estimation and the lambda value (), the lubrication regime for all lubricated specimens was 
boundary (Table 6.3). The highest average mass loss recorded was from the PO specimens 
(45.76 mg) while the MO specimens had a superior wear resistance with a lowest average 
mass loss of 0.65 mg. The specimens lubricated with MO and PO (MO:PO) generated a wear 
scar of a size in-between their pure oil states (mass loss = 34.02 mg). A similar result was 
also observed for specimens lubricated with a blend of MO and SBO (MO:SBO) in which the 
mass loss (31.27 mg) was again in-between the values for pure SBO and MO. It was 
observed that although the MO had a superior performance in preventing wear compared to 
the pure vegetable oils, the addition of 50% MO in both vegetable oils did not greatly 
influence the wear resistance result of the blended oils.  For both cases of blended oil 
(MO:PO and MO:SBO), the mass loss differs by about fifty orders of magnitude compared 
solely to MO. It should also be noted that the type of vegetable oil influenced the wear result 
of its blended oil with MO. The MO:PO blend produced higher wear than the MO:SBO blend 
and this aligns with the fact that the PO generated higher wear than the SBO in their pure 
forms. The statistical analysis of single variable ANOVA also revealed that there is a 
significant difference (P-value <0.05, Table 6.4) between the mass loss of vegetable oils and 
their blends with MO studied here.  
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Figure 6.2: (a) Average Mass loss of lubricated specimens after 60 minutes and (b) Wear scar 
appearance after the test 
Inspection of the wear scars after each test (Figure 6.2b) revealed a smooth shape and 
narrow scar width on the MO specimens. The existence of zinc (Table 6.2) in the MO, which 
is likely to include the anti-wear additive, zinc dialkyl dithiophosphate (ZDDP) could prevent 
the surface from suffering severe wear. Although the amount of zinc in the blended oil of MO 
and vegetable oils (MO:PO and MO:SBO) is reduced to almost half (Table 6.2), the wear 
resistance of both lubricants was not similarly reduced by this amount. This indicates that the 
Chapter 6 
 
170 
vegetable oil was dominant in influencing the wear performance of the vegetable oil blends 
with MO.  
Table 6.3: Minimum film thickness, hmin and lambda ratio,  for all lubricants 
Lubricants hmin (nm)  
Initial Final Initial        Final 
Palm Oil (PO)   2.42 2.45 0.01 0.01 
MO:PO   2.86 2.82 0.01 0.01 
Mineral Oil (MO)   3.62 3.71 0.02 0.04 
MO:SBO   2.67 2.65 0.01 0.01 
Soybean Oil (SBO)   2.19 2.25 0.01 0.01 
PO:SBO   2.25 2.31 0.01 0.01 
 
Table 6.4: ANOVA analysis of mass loss for all lubricants 
 Count Sum Average Variance 
  
G
ro
u
p
s 
PO 3 137.28 45.76 16.33 
MO:PO 3 102.06 34.02 21.53 
MO 3 - - - 
MO:SBO 3 93.82 31.27 3.17 
SBO 3 128.19 42.73 37.45 
PO:SBO 3 133.16 44.39 16.06 
A
N
O
V
A
 
Source of 
Variation SS df MS F P-value Fcrit 
Between 
Groups 513.36 4 128.34 8.01 0.0036 3.478 
Within Groups 160.19 10 16.02    
Total 673.54 14     
It should also be noted that all lubricants, except the MO, produced a similar wavy-
shaped wear scar which suggests that there was plastic flow on the specimen surface. The 
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high mass loss produced by the blended oils showed that the role of the anti-wear additive 
that exists in the MO is diminished in the blended oil. The existence of only about 50% of 
zinc in the blended oil (from the MO) had failed in preventing the metal-to-metal contact 
between the ball and flat specimen, thus, promoting severe wear and causing the plastic flow 
observed.   
Table 6.5: Elemental analysis of wear scar for all lubricants specimen by EDX 
E
le
m
en
t 
Weight % (wt%) 
A
to
m
ic
 %
 
(a
t%
) 
Lubricants 
P
O
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P
O
 
M
O
 
M
O
: 
S
B
O
 
S
B
O
 
P
O
: 
S
B
O
 
P
O
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O
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B
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O
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O
: 
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B
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C 3.79 4.41 3.38 4.27 3.77 3.18 14.67 16.44 10.96 15.93 14.56 12.35 
O 1.17 2.21 10.43 2.38 1.43 1.95 3.39 6.2 25.58 6.66 4.15 5.67 
Si 3.29 3.02 2.70 2.99 2.91 3.3 5.44 4.82 3.77 4.78 4.80 5.47 
P 0.10 0.04 0.72 0.06 0.15 0.07 0.15 0.06 0.91 0.09 0.22 0.11 
S 0.04 0.12 1.36 0.00 0.00 0.02 0.06 0.16 1.66 0.00 0.00 0.02 
Mn 0.66 0.76 0.73 0.87 0.84 0.5 0.55 0.62 0.52 0.71 0.71 0.43 
Fe 90.95 89.24 79.80 89.43 90.91 90.98 75.73 71.57 56.06 71.83 75.56 75.94 
Zn - 0.19 0.90 0.01 - - - 0.13 0.54 0.01 - - 
Further inspection of the worn surfaces of the specimens through an elemental 
analysis by EDX (Table 6.5) suggests that the wear of specimens could be associated with the 
retention of an oxide layer on the surface. This is shown by the surface lubricated with MO 
having the highest amount of oxygen (10.43 wt%) present and thus, a more protective layer is 
retained to minimise the metal-to-metal contact. However, for specimens lubricated with 
MO-vegetable oils blended in 1:1 ratio (MO:PO and PO:SBO), the oxygen appeared not to be 
greatly retained. For the blended oils, MO:PO produced 2.21 wt% while PO:SBO yielded 
2.38 wt%. These oxygen amounts are about one-fifth of the amount of oxygen retained on 
MO lubricated surface. Furthermore, the amount of zinc detected on the blended oil surfaces 
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was relatively small compared to the MO specimens and this could have caused the low wear 
resistance.  
The dominance of vegetable oil in influencing the wear for vegetable oil-mineral oil 
blend is proposed in the mechanisms in Figure 6.3 (comparison between PO, MO and 
MO:PO). The polarity of vegetable oil (carboxyl group in fatty acids molecules) has made it 
possible for them to adhere to metal surfaces (Figure 6.3a), but during sliding at severe 
contact conditions, these fatty acids molecules are removed and thus, produce severe wear 
(Figure 6.3b). In the case of MO, the anti-wear additives are effectively present on the surface 
to provide a protective layer in reducing metal-to-metal contact (Figure 6.3c), and this layer is 
retained even after sliding at severe contact conditions (Figure 6.3d). However, in the 
vegetable oil-mineral oil blend, the additives are unable to form a fully protective layer due to 
most of the surface is already covered by the carboxyl group of vegetable oil. This has 
affected to higher wear of MO:PO lubricated specimens compare to MO lubricated 
specimens, since only small amount of anti-wear additives are formed on the surface (Figure 
6.3e). 
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6.4 Surface Topography Analysis 
The average surface roughness, Ra across the wear scars after testing is shown in 
Figure 6.4a and where measurements were taken at different points in Figure 6.4b. The 
specimen tested with a blend of PO and SBO (PO:SBO) exhibited a higher surface roughness 
after testing while the MO lubricated specimen generated the lowest surface roughness. The 
surface roughness for the specimen lubricated with MO were found to be more consistent at 
 
 
 
 
  
Figure 6.3: Mechanisms of vegetable oil (a and b), mineral oil (c and d) and vegetable oil-
mineral oil blend (e and f) in influencing wear 
  
(a) (b) 
(c) (d) 
(e) (f) 
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each point while others recorded different surface roughness at different points. The point 
where the highest surface roughness were recorded for most lubricants mainly occurred at the 
point Middle 2 (M2) and Middle 3 (M3). This suggests that the debris produced during the 
material removal process could be trapped in the groove area of point Middle 2 and thus 
promote higher levels of abrasive wear. The blend of MO and vegetable oils (MO:PO and 
MO:SBO) produced higher surface roughness compared to the MO specimen especially at 
the middle point. It is therefore suggested that the addition of 50% MO in vegetable oils did 
not greatly influence the reduction of surface roughness as a result of the wear process. 
Higher surface roughness measured on the specimens lubricated with a blend of PO and SBO 
(PO:SBO) reflects its highest of the recorded COF (Figure 6.1b). 
In order to differentiate between the influence of each lubricant on the formation of 
wavy-shaped wear scars (Figure 6.2b), the primary profile and surface waviness, Wa were 
measured along the sliding direction in the middle of the scars. The surface waviness is 
derived from the primary profile measurement in which the shorter wavelength components 
and longer wavelength components are suppressed through a band-pass filter [210]. Figure 
6.5 depicts the primary profiles for all specimens along the wear scar with their waviness 
value. 
The MO specimen exhibited the shallowest profile and lowest surface waviness (Wa 
= 1.40 m). The PO specimen however produced the highest value of surface waviness (Wa 
= 41.43 m). Although the specimen lubricated with a blend of PO and SBO (PO:SBO) 
produced the highest COF (Figure 6.1b), its surface waviness value is relatively small 
compared to PO and SBO specimen. This suggests that the surface waviness is not related to 
the COF in lubrication with vegetable oils and their blend with MO.  
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Figure 6.4: (a) Surface roughness of specimens across the wear scar at a point according to 
diagram in (b) 
 
 
Figure 6.5: Primary profile and surface waviness, Wa of specimens measured along the wear 
scar. 
direction of 
roughness 
measurement 
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6.5 Surface Morphology Analysis 
Figure 6.6 contains typical images of worn specimens of all lubricants observed under 
an optical microscope at different points (Figure 6.4b). The two primary wear mechanisms 
for all specimens lubricated with vegetable oils and their related blends (PO, SBO, MO:PO, 
MO:SBO and PO:SBO) were abrasion, with some pitting, and plastic deformation at the 
surface. Also visible are some burn marks (features brownish in colour) found on the worn 
specimens used with these lubricants. This suggests that the surface underwent a frictional 
heating caused by metal-to-metal contact during sliding. This idea was discussed in more 
detail in the previous chapter (Chapter 5, Section 5.3 Wear Analysis). 
Further investigation of specimens lubricated with vegetable oils and their blends 
using SEM techniques (Figure 6.7a, b, d, e and f) revealed some surface fatigue and evidence 
of delamination at worn surfaces. This indicates that the wear mechanism for these lubricants 
is a combination of abrasion and surface fatigue. However, the abrasive marks for vegetable 
oil–MO blends (Figure 6.7b and d) were found to be smaller compared to PO and SBO 
counterparts. 
The appearance and wear mechanism of the MO lubricated specimen was consistent 
especially at the middle points (Figure 6.6, MO specimen at point M1, M2 and M3). There 
was some pitting and spalling, especially at points Front and Back which represent the end 
points of the reciprocating stroke.  This could be due to the change of direction (and 
associated transition through zero velocity) at the stroke ends lowering the film thickness and 
promoting scuffing [229].  
  
 
 
1
7
7
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6: Optical microscope images of wear scar for all lubricants (20X magnification) 
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Further investigation of MO worn specimen under the SEM (Figure 6.7c) observed 
surface cracks as a result of surface fatigue which were induced by the repeated loading and 
unloading cycles. This indicates that the main wear mechanism for MO lubricated specimen 
was fatigue wear. The surface cracks and pitting on the MO lubricated specimen in this study 
are also similar to those seen on grey cast iron specimen lubricated with a commercial 
mineral engine oil (15W40) [235]. 
 
Figure 6.7: Scanning electron microscopy (SEM) images (1000X magnification) and 
elemental analysis of wear scar for all lubricants  
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6.6 Oxidative Stability Analysis 
Figure 6.8 presents the results of the oil oxidation test implemented by RPVOT test 
rig with the maximum pressure achieved in the pressure vessels. It can be clearly seen that 
the MO significantly outclassed the other oils in terms of oxidative stability (270 minutes) 
and the peak pressure (200 psi). The lower performance of vegetable oils and their blends 
could have contributed to their lower wear resistance [11]. The SBO was found to have the 
lowest oxidative stability (20 minutes). An improvement in oxidative stability can be seen in 
vegetable oils blended with MO, probably due to existence of anti-oxidant additives from the 
MO. The PO blended with MO recorded 90 minutes of oxidation time while SBO-MO blend 
oil recorded about 35 min.  The PO-MO blend oil demonstrated a significant improvement 
compared to other oils. The higher oxidation time of the PO-MO blends, when compared to 
SBO-MO blend, could be attributed to the higher saturated fatty acids that exist in PO which 
helps to delay the oxidation process. 
 
Figure 6.8: Rotary pressure vessel oxidation test (RPVOT) result for mineral oil (MO), palm 
oil (PO) and soybean oil (SBO) and their blended oils 
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The dominance of vegetable oils in oxidative stability results over the MO:PO and 
MO:SBO suggests that the existence of unsaturated fatty acids (with the presence of carbon 
double bond in their structure) in both PO and SBO promoted the rapid oxidation of 
vegetable oil-mineral oil blend. Although the PO is enriched with saturated fatty acids, the 
total percentage of unsaturated fatty acids composition in this oil (54.9%) was considerably 
high (Chapter 5, Figure 5.2) while in SBO, the total of unsaturated fatty acids made up 83.3% 
of its composition (Chapter 5, Figure 5.2).  
6.7 Acid Number Analysis 
Figure 6.9 shows the acid number (AN) for all lubricants that were tested as fresh oil, 
used oil (post-test from wear test rig), and oil from an oxidation test (RPVOT). In the case of 
fresh oil, the MO recorded the highest AN (2.24 mgKHO/g) compared to other lubricants. 
This higher AN could be due to the existence of anti-wear additives which includes zinc 
dialkyl dithiophosphate as this additive increased the AN value in base oil [231]. The higher 
AN produced by SBO (0.98 mgKOH/g) compared to PO (0.24 mgKOH/g) could be 
attributed to the higher acidity of free fatty acid that exists in unrefined oil (SBO) than refined 
oil (PO). The free fatty acids are removed by distillation during the refining process [236]. 
For blended oils (MO:PO, MO:SBO and PO:SBO), the AN values are generated in-between 
the values of their pure oils and were influenced by type of the vegetable oil in the blend 
(either PO or SBO). A higher AN for all lubricants from both the wear test and the RPVOT 
test indicate that the oils have been oxidised after the wear test. However, the difference in 
AN before and after the wear test for blended oils (MO:PO and MO:SBO) are smaller than 
pure PO and SBO. This is probably due to the the existence of anti-oxidant additive from the 
MO in the oil blend that assists in prolonging the oxidation process. 
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Figure 6.9: Acid Number for Mineral Oil, Palm Oil, Soybean Oil and their blended oils for 
fresh and used oils 
6.8 Oil Viscosity Analysis 
Figure 11 compares the results of dynamic viscosity measurements for all lubricants 
(fresh oil and used oil post-wear test) measured at 40C and 100C. It was found that the 
viscosity of MO is higher than vegetable oils at both temperatures. As expected, all oils 
produced a lower viscosity at a higher temperature, with MO recording a higher viscosity 
than vegetable oils at all temperatures. However, the viscosity of the vegetable oils (PO and 
SBO) is more stable with respect to temperature change than MO. This suggests that the 
vegetable oils have a higher viscosity index than MO. It should also be noted that the 
viscosities for fresh blended oils (MO:PO and MO:SBO) were reduced to a level where their 
viscosities are nearer to the values of the pure vegetable oils (PO and SBO) rather than to that 
of the MO. For example at 40C, the fresh MO:PO oil produced viscosity 54.97 cP. This 
value is closer to PO viscosity (38.08 cP) rather than MO viscosity (92.45cP).  
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Figure 6.10: Viscosity of Mineral Oil (MO), Palm Oil (PO) and Soybean Oil (SBO) and their 
blended oils 
The lower viscosity of the pure vegetable oils influences the viscosity of their blends 
with MO. The higher wear (Figure 4a) on specimens lubricated with vegetable oils and their 
blend with MO could be due to their lower viscosity. Previous work investigating viscosity of 
lubricants has reported that lower viscosity oils can promote higher wear rate [233] and that 
the oil viscosity increases with oxidation [237]. The values of viscosity for the used oils in 
this study were not greatly different when compared to fresh oils. This suggests that although 
the oxidation process occurred in the wear test rig (from AN result in Figure 10), the level of 
oxidation in the oils is considerably lower. 
6.9 Conclusions and Summary 
From the work testing vegetable oil-mineral oil blended lubricants (1:1) at severe 
contact conditions, the following conclusions can be drawn:  
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 The vegetable oils blended with commercial mineral engine oil exhibited tribological 
improvement in friction, wear resistance and oxidative stability compared to their 
pure oils.  
 The tribological performance of lubricant formulated from vegetable oil-MO blend 
was highly dominated by tribological characteristics of the vegetable oil.  Although 
the addition of 50% of MO in vegetable oil blends reduces the presence of additive 
elements by 50%, the deterioration in wear and oil oxidation performance were very 
significant. 
 The selection of base oil for vegetable oil – MO blend is important because it 
influenced the tribological performance of the blend. The performance of friction and 
wear for MO:SBO oil compared to MO:PO blend were following the pattern of its 
pure oil.  
Although the use of vegetable oil-mineral oil blends in lieu of pure mineral oil could 
reduce dependency on petroleum base stock, its tribological performance was very weak and 
not suitable for use in practical applications. The superior wear performance shown by the 
commercial mineral oil compared to pure vegetable oils was failed to influence the wear 
performance in the mineral oil-vegetable oil blend. Other methods are therefore required to 
improve the performance of the vegetable oils (and when they are used in blends), 
particularly to improve their role in reducing wear. The use of the anti-wear additives 
commonplace in mineral oil formulations in vegetable oil is worthy of further investigation. 
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Chapter 7:   Improving the friction and wear performance of vegetable 
oils at severe contact condition through the use of additives 
In view of the wear results produced from previous chapters, much work is needed 
in improving the wear resistance of grey cast iron when using vegetable oil lubricants, 
especially at severe contact conditions. One of the ideas is to mix the vegetable oil with 
commercial anti-wear additives that have been claimed by the manufacturer to perform 
well with mineral engine oil. Thus, in this chapter, the friction and wear responses of palm 
oil and soybean oil with two commercial anti-wear additives (zinc dialkyl dithiophosphate 
and boron compound) are investigated at a lubricant temperature 100 °C under severe 
contact conditions in a reciprocating sliding contact.  
7.1 Introduction 
An effective engine lubrication system is multifunctional which includes reducing 
friction and wear, transferring excessive heat, inhibiting corrosion and oxidation and 
removing wear debris and contamination. Base oils alone are not able to fulfil these 
requirements due to limited physicochemical properties and thus, they require 
modification. Recently, many studies on biolubricants have focused on the modification of 
vegetable oils in order to produce a better base oil. This can be performed through 
chemical synthesis [222, 238] or formulating the vegetable oils with additives [239].  
Commercial lubricant manufacturers blend their base oils with additive packages 
which include a viscosity modifier, extreme pressure agent, corrosion inhibitor, dispersant, 
detergent, anti-foam agent, anti-oxidant and anti-wear agent. Among the most commonly 
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used as anti-wear agents in commercial engine oils are zinc dialkyl dithiophosphate 
(ZDDP) and boron nitride. 
Although extensive research has been carried out on the performance of ZDDP and 
boron nitride additives on vegetable oils, they are limited to unidirectional sliding test rigs 
(four-ball-tester [12, 28-31] and pin-on-disc [34, 240, 241]) with steel and aluminium as 
counterface materials. In addition, many of the tribological tests reported were run at a 
lubricant temperature less than 100 C [28-30, 34, 240] which is inappropriate for higher 
temperature lubricant applications such as in a sump of an internal combustion engine 
[40].  
 Therefore, in this work, the tribological response of two commercial anti-wear 
additives; ZDDP and boron nitride in palm oil and soybean oil were evaluated at a 
lubricant temperature 100 C using a reciprocating test rig. A point contact with an initial 
contact pressure > 1 GPa was applied, leading to a severe contact condition. Grey cast iron 
specimens within a narrow hardness range on the intended wear scar were used.  Surface 
morphology, elemental analysis and chemical analysis of oils were also presented to 
support the main results. The tribological results were also compared with the commercial 
mineral engine oil. All experiments including the friction and wear test as well as the 
elemental and oil analyses were carried out following the methods described in Chapter 3, 
Section 3.2-3.6. 
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7.2 Friction Analysis 
The average coefficient of friction (COF) for all lubricants is plotted against time 
(60 minutes) in Figure 7.1a. Figure 7.1b highlights the final average value of COF taken at 
the end of the test. The error bars show how much the final value differs from the mean 
value of the data. All lubricants exhibited a similar running-in behaviour in which they 
started with a lower COF value at the beginning that gradually increased before reaching a 
steady state value after about 30 minutes. The running-in behaviour in Figure 7.1a might 
be caused by the pressure drop due to an increase in the area of contact during the sliding 
process. The COF is inversely proportional with the mean contact pressure [242]. Other 
possible reasons could possibly be the removal of lubricious contaminants from the contact 
surface [47] or the disruption of an oxide layer on the counter-face leading to an increase 
in metal-to-metal contact [50].  
The COF for the MO lubricated specimens (Figure 7.1b) showed the lowest value 
(0.093) while the highest COF was from specimens lubricated with hBN:SBO (0.116). 
Based on Figure 7.1b, the ZDDP blended with vegetable oils (ZD:PO and ZD:SBO) gave a 
reduction in COF while the hBN in vegetable oils (hBN:PO and hBN:SBO) did not show 
any improvement compared to the pure oil state. In the pure oil state, the PO showed a 
lower COF (0.105) compared to SBO (0.112). This result seems to be similar for PO and 
SBO with additives. For example, the ZD:PO exhibited a lower COF (0.095) compared to 
the ZD:SBO lubricated surface (COF=0.099). An interesting COF result was noted on the 
ZD:PO lubricant in which it presented a very competitive value (0.095) compared to the 
MO (0.093). All COF data in Figure 7.1b show a significant difference between the mean 
values when tested by ANOVA analysis of single variable (P-value < 0.05, Table 7.1). 
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Figure 7.1: (a) Average coefficient of friction profile versus experiment time and (b) 
Average coefficient of friction at 60 minutes 
The spectrochemical analysis of elements for all lubricants is shown in Table 7.2. 
The amount of various elements (in ppm) in pure vegetable oils (PO and SBO) is relatively 
small compared to other lubricants. It is interesting to note that the pure SBO contained 
calcium (25 ppm), phosphorus (59 ppm) and magnesium (17 ppm). These metallic 
elements are typically found in natural soybean oil and are used to determine the quality of 
the vegetable oil before converting it to a biodiesel [243]. 
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Table 7.1: ANOVA analysis of COF for all lubricants 
 Count Sum Average Variance 
  
G
ro
u
p
s 
MO 3 0.279 0.093 3.71E-05 
PO 3 0.313 0.105 2.17E-07 
SBO 3 0.335 0.111 1.21E-05 
ZD:PO 3 0.286 0.095 4.20E-05 
ZD:SBO 3 0.297 0.099 9.89E-05 
hBN:PO 3 0.333 0.111 1.51E-05 
hBN:SBO 3 0.347 0.116 4.80E-05 
A
N
O
V
A
 
Source of 
Variation SS df MS F P-value Fcrit 
Between 
Groups 0.00136 6 0.000227 6.618 0.001 2.847 
Within Groups 0.00048 14 3.43E-05    
Total 0.00184 20     
The existence of the additive package in the commercial MO sample may be seen 
as detected elements in the MO column. These include calcium, zinc, phosphorus, 
molybdenum, boron and magnesium in the sample. Calcium (calcium hydroxide) is mostly 
used as lubricant detergent  (to clean and neutralise oil impurities) due to its lower cost 
[100]. The impurities in oil can cause deposits (oil sludge) on engine components. The 
molybdenum in the MO sample is from molybdenum-dithiophosphate (MoDDP) or 
molybdenum-dithiocarbamate (MoDTC) additives, as these additives act to reduce the 
COF in engine oil [225]. These additives could also exist in the MO sample in this study 
and thus lead it to produce the lowest COF. 
The addition of 2% commercial ZDDP in both PO and SBO has led to a significant 
difference in the amount of elements (calcium, zinc and phosphorus) compared to their 
pure oil state. The addition of ZDDP in PO and SBO has lowered the COF compared to 
their pure oil state which is typical for other vegetable oils (e.g., coconut, karanja, corn and 
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canola oil) [12, 29, 142]. Contrary to the lower friction result found in the ZDDP mixture 
with vegetable oils, the existence of ZDDP alone in base oil increases the friction 
compared to the oil without ZDDP due to increases in roughness on metal surfaces [244, 
245]. This work revealed (Figure 7.1b) that ZDDP, besides being known as an anti-wear 
agent and an anti-oxidant agent, also acts as a friction modifier for vegetable oils. 
Table 7.2: Elements detected in lubricants in part per million (ppm) from 
spectrochemical test 
 Lubricants 
Elements MO PO SBO ZD:PO ZD:SBO hBN:PO hBN:SBO 
Calcium 2825 0 25 25 49 120 147 
Zinc 781 1 3 1153 1129 65 65 
Phosphorus 695 0 59 879 917 51 106 
Molybdenum 167 0 0 0 0 350 352 
Boron 43 2 1 3 0 342 357 
Magnesium 32 0 17 0 16 3 19 
Silicon 3 3 2 8 65 5 3 
Aluminium 3 0 0 0 0 5 6 
Iron 1 0 0 0 0 0 0 
Sodium 0 2 3 5 2 4 5 
Lead 0 0 0 0 1 0 0 
Barium 0 0 0 0 0 0 0 
 
The existence of boron and molybdenum elements are abundantly observed in the 
vegetable oils (PO and SBO) blended with commercial boron based additive. The small 
amount of zinc and phosphorus that were found in the hbN:PO and hBN:SBO may come 
partly from the mineral oil as this oil was used by the manufacturer as a carrier fluid for 
the hBN additive.  
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Although boron was detected in the spectrometer results from analysing the 
hBN:PO and hBN:SBO (Table 7.2), it did not appear on the worn specimens surfaces as 
analysed by EDX (Table 7.5). Detection of a light element (boron) by EDX is somewhat 
difficult due to low photon energy that it has which may lead to a high absorption in the 
specimen and in the EDX detector [246]. Another possibility was that the boron elements 
had been removed from the counterface during the sliding process and thus failed to 
perform their function as an effective lubricious film. The particle size of boron nitride 
used in this study (0.5 m) was relatively larger than the average surface roughness of the 
flat specimens (Ra = 0.15 m). This could be the reason why the boron was not merging in 
the asperity valleys of the contact surfaces. Larger particles act as a third body abrasive 
products and this may increase the friction [34] where the hBN particles were prevented 
from settling on the surface. 
7.3 Wear Analysis 
Table 7.3 shows the calculated minimum film thickness (hmin) and lambda value 
(). It is found that the lubrication regime for all lubricated specimens was boundary 
(<1). The differences of minimum film thickness between the start and the end of test 
were calculated and mainly attributed to the differences of oil viscosity before and after the 
test (Figure 7.9). It was found that all lubricants experienced an increase in film thickness 
except for ZD:PO and ZD:SBO. However, the lambda values for most of lubricants did not 
change. 
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Table 7.3: Minimum film thickness, hmin and lambda ratio,  for all lubricants 
 
Lubricant 
hmin (nm)  
Initial Final Initial Final 
MO  3.62 3.71 0.02 0.04 
PO 2.42 2.45 0.01 0.01 
SBO 2.19 2.25 0.01 0.01 
ZD:PO 2.45 2.42 0.01 0.01 
ZD:SBO 2.21 2.16 0.01 0.01 
hBN:PO 2.44 2.46 0.01 0.01 
hBN:SBO 2.19 2.22 0.01 0.01 
 
 
 
Figure 7.2: Average Mass loss of lubricated specimens after 60 minutes 
Figure 7.2 shows that the mixture of ZD:SBO (mass loss=18.26 mg) improved the 
wear about 57% compared to pure SBO (mass loss=42.73 mg) while the ZD:PO (mass 
loss=24.99 mg) gave a wear reduction of about 45% compared to pure PO (mass 
loss=45.76 mg). However, only a small amount of mass loss was found in boron 
compound additives blended with vegetable oils. The hBN:SBO (mass loss=37.72 mg) 
recorded about a 12% improvement compared to the pure SBO state while hBN:PO (mass 
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loss=43.61 mg) only improved about 5% compared to PO alone. The mass loss results for 
all biolubricant lubricated specimens showed a significant difference between the mean of 
data when tested by the single variable ANOVA analysis (P-value <0.05, Table 7.4).  
Table 7.4: ANOVA analysis of mass loss for vegetable oils and vegetable oil-additive 
blends 
 Count Sum Average Variance 
  
G
ro
u
p
s 
MO - - - - 
PO 3 137.28 45.76 16.32 
SBO 3 128.19 42.73 37.45 
ZD:PO 3 74.97 24.99 3.26 
ZD:SBO 3 54.78 18.26 6.14 
hBN:PO 3 130.84 43.61 22.32 
hBN:SBO 3 113.17 37.72 44.99 
A
N
O
V
A
 
Source of 
Variation SS df MS F P-value Fcrit 
Between 
Groups 1907.96 5 381.59 17.54 3.79E-05 3.1058 
Within Groups 261.049 12 21.75    
Total 2169.01 17     
The superior performance in wear of the MO indicates that the anti-wear additives 
have successfully acted as an efficient lubricant in preventing severe damage to the sliding 
surface at the severe contact condition applied in this study. This suggests that the anti-
wear additives (possibly ZDDP) that exist in the MO are capable of maintaining a 
protective layer in preventing metal-to-metal contact throughout the test. The existence of 
ZDDP in the MO sample could be shown by a high amount of zinc and phosphorus 
detected by the spectrometer (Table 7.2). Although lower zinc concentrations (781 ppm) 
were found in the MO compared to ZD:PO (1153 ppm) and ZD:SBO (1129 ppm), the MO 
produced lower wear and friction than these two lubricants. This suggests that the 
existence of another element in the MO like molybdenum (from MoDDP or MoDTC 
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additive) could potentially act together with the ZDDP in improving the wear and friction 
performance of MO. The molybdenum, however, was not significantly present in both 
ZD:PO and ZD:SBO. 
Vegetable oils on the other hand, even though they presented competitiveness in 
friction coefficient; were still far behind in wear resistance performance compared to MO, 
especially in a severe test condition. In considering ZDDP as an additive in vegetable oils, 
both PO and SBO appear to have the capability to provide for the formation of a protective 
layer on the surface of grey cast iron. In a typical lubricant oil with the ZDDP additives, 
the phosphate layer is commonly found on the wear scar and serves as a wear reducing 
layer [247-249], which was also reflected by the highest phosphorus amount found on MO 
lubricated specimens (0.72 wt%, Table 7.5). Although the phosphorus amount on 
vegetable oils-ZDDP was higher (spectrochemical analysis, Table 7.2), it was discovered 
that the amount of this element (P) detected in worn specimens of ZD:PO and ZD:SBO 
were not significantly different when compared to their pure oil state (EDX analysis, Table 
7.5). This suggests that, with vegetable oil, a different mechanism of formation of 
protective layer from ZDDP (other than phosphorus layer) could occur on the surface. 
Zinc may also play this role on the counterface in order to minimise metal-to-metal 
contact. This is shown by the detection of zinc element during EDX analysis (Table 7.5) of 
worn specimens for ZD:PO and ZD:SBO lubricants. In order to determine that the wear 
improvement was solely due to the ZDDP additive, a test of fatty acids composition on 
PO, SBO, ZD:PO and ZD:SBO oils was performed by gas chromatography (Figure 7.3). It 
was noted that there were no significant differences found on the fatty acid composition of 
vegetable oil-ZDDP mixtures compared to their pure oil state. This indicates that the fatty 
acids compositions in the vegetable oil were not influenced by the existence of ZDDP. 
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Table 7.5: Elemental analysis of wear scar for all lubricant specimens by EDX 
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C 3.38 3.79 3.77 2.87 3.71 3.45 3.81 10.96 14.67 14.56 11.20 13.94 13.44 14.65 
O 10.43 1.17 1.43 2.25 2.85 1.52 1.71 25.58 3.39 4.15 6.59 8.04 4.43 4.93 
Si 2.70 3.29 2.91 2.99 2.90 3.05 2.64 3.77 5.44 4.80 4.99 4.67 5.07 4.34 
P 0.72 0.10 0.15 0.16 0.13 0.00 0.14 0.91 0.15 0.22 0.25 0.20 0.00 0.21 
S 1.36 0.04 0.00 0.00 0.09 0.12 0.10 1.66 0.06 0.00 0.00 0.13 0.18 0.14 
Mn 0.73 0.66 0.84 0.81 0.73 0.63 0.75 0.52 0.55 0.71 0.69 0.60 0.53 0.63 
Fe 79.80 90.95 90.91 90.88 89.50 91.23 90.85 56.06 75.73 75.56 76.26 72.37 76.34 75.10 
Zn 0.90 - - 0.03 0.09 - - 0.54 - - 0.02 0.06 - - 
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Figure 7.3: Composition of fatty acids on selected oils extracted from gas chromatography 
test 
7.4 Surface Topography Analysis 
The shape of wear scar after each test was examined visually (Figure 7.4a). The 
specimen lubricated with MO produced a straight narrow wear scar with a shallower depth 
compared to specimens lubricated with vegetable oils. The additive packages that exist in 
MO could possibly act as a barrier in preventing deeper indentation of ball into the 
specimen. However, specimens lubricated with vegetable oils and their mixtures with 
additives showed catastrophic damage with the formation of wavy-shape scars and a wider 
width. The formation of wavy-shaped scars could also suggest that there was plastic flow 
due to ratcheting on the contact surface during sliding as a result of the high contact 
pressure. Ratcheting is likely to occur when the normal load applied is beyond the plastic 
shakedown limit [218]. Although the vegetable oil lubrication exhibited poor performance 
in wear resistance at extreme contact condition, the addition of the ZDDP additive in both 
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PO and SBO has seen an improvement in wear scar appearance in which narrower wear 
scars were produced. 
 
Figure 7.4: (a) Wear scar shape for all lubricated specimens and (b) Primary profile and 
surface waviness, Wa of specimens measured along the wear scar 
In order to further understand the characteristics of these wavy-shape wear scars, 
Figure 7.4b was plotted. This figure shows the primary profile of wear scars which 
represents the shape and depth of the worn surfaces measured by a two-dimensional 
profilometer along the wear scar. Surface waviness measurements (resembling surface 
roughness in macro scale) were also recorded by altering the wavelength components of 
the primary profile in the profilometer software [210]. It can be seen that the shallowest 
profile and lowest surface waviness was from MO lubricated specimen (Wa = 1.40 m). 
The highest surface waviness was from specimen lubricated with PO (Wa = 41.43 m). It 
can also be noted that the addition of ZDDP in vegetable oils (ZD:PO and ZD:SBO 
lubricants) has caused the formation of shallower wear scars and lower surface waviness 
values. However, deeper penetration was found on specimens lubricated with hBN:PO and 
hBN:SBO and it was noted that the penetration of wear scar depth produced was 
dependent on the relative position of the waves. Where there is a higher penetration of the 
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ball into the flat specimens (as shown by hBN:PO specimens compared to PO and ZD:PO 
in Figure 7.4b), the peaks of waviness shift within the length of the wear scar. 
Figure 7.5a shows the surface roughness (Ra) measured across the wear scars of 
worn specimen after testing performed at different points (Figure 7.5b). It was noted that 
the MO lubricated specimen exhibited the lowest and more consistent surface roughness 
throughout the wear scar. However, for specimens lubricated with vegetable oils and 
vegetable oil-additive mixtures, the surface roughness varies along the wear scars. Higher 
roughness was recorded, especially at middle points (Middle 1(M1), Middle 2(M2) and 
Middle 3(M3)) compared to the MO specimen’s roughness. The higher roughness at 
middle points was likely influenced by the undulating profile that provides a reservoir and 
promotes accumulation of wear debris. More debris is likely to be trapped at deeper points 
on a wear scar (Middle 2) and thus, will act as a third-body abrasive. The higher surface 
roughness commonly led to a higher COF and this was shown by the specimen lubricated 
with hBN:SBO which recorded the highest COF and roughness. 
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Figure 7.5: (a) Surface roughness of specimens across the wear scar at a point according to 
diagram in (b) 
7.5 Surface Morphology Analysis 
The wear scar images of worn specimens taken at different points (Figure 7.5b) for 
all lubricants under optical microscope are shown in Figure 7.6. A more consistent 
appearance was seen for the MO worn specimen at each point compared to specimens 
lubricated with vegetable oils and vegetable oil-additive blends. Some pitting and spalling 
were found at end points (Front and Back) on the MO specimen indicating a different wear 
mechanism having occurred at the stroke ends of the reciprocating motion when compared 
to the middle of the scar.  In a reciprocating motion, the speed turns to zero at the stroke 
end at the moment of changing its direction and this will lower the film thickness, due to 
the lower velocity, and thus, promote scuffing. These wear mechanisms at the stroke ends 
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are similar to the pattern from a reciprocating sliding test for pin on pin (a cylinder contact 
on a cylinder perpendicularly) with steel material and fuel lubricated in which severe 
scuffing was reported [229]. Detailed examination of the MO worn specimens under SEM 
(Figure 7.7a) showed surface cracks and delamination and this suggests that the wear 
mechanism for the MO specimen was fatigue wear.  
Figure 7.6: Optical microscope images of wear scars for all lubricants (20X magnification) 
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Figure 7.7: Scanning electron microscopy (SEM) images (1000X magnification) and 
elemental analysis of wear scars for all lubricants 
The main wear mechanism for specimens lubricated with vegetable oils and 
vegetable oil-additive mixtures was observed to be abrasive. This can be clearly seen by 
the abrasive scratch marks on the worn surfaces especially at the middle points of the wear 
scar (Figure 7.6). This supports the previous claim that most of the debris was trapped at 
the middle point due the undulating profile that was generated during the sliding process. It 
was also noted that at the stroke ends (Front and Back) more plastic flow can be seen on 
the surface which suggests that this occurred during the sliding process on the contacting 
surfaces. The addition of ZDDP in vegetable oils has seen a slight improvement on 
abrasive wear. Less abrasion with smoother surfaces was seen on ZD:PO (Figure 7.7d) and 
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ZD:SBO (Figure 7.7e) specimens under detailed examination with SEM when compared 
to their pure oil state (Figure 7.7b and Figure 7.7c). Less abrasion was also seen in the 
specimen lubricated with hBN:PO and hBN:SBO (Figure 7.7f and Figure 7.7g) with more 
surface fatigue likely to occur. 
Some burn-like marks (brownish colour) could also be seen mainly at middle 
points on the worn surface for all specimens lubricated with vegetable oils and vegetable 
oil-additive mixtures (Figure 7.6). These marks possibly occur as a result of the process of 
frictional heating caused by metal-to-metal contact which may raise the temperature at the 
counterface. To support this idea, a calculation of surface temperature was performed 
based on the material properties and test parameters [206]. The estimated surface 
temperature was then compared to the tempering colour of steel which indicates the 
brownish colour was likely to appear when the temperature was close to 200 C [227]. It 
was found that for the SBO lubricated specimen, the total contact temperature was around 
182 C. Based on this temperature, a good agreement was found between the colour of 
burn-like marks on worn specimens and the steel tempering colour. Thus, it is reasonable 
to suggest that the higher wear produced by vegetable oils and vegetable oil-additive 
mixtures compared to MO in this study were due to the breakdown of the lubricants. The 
burn-like marks were not observed with the mineral oil suggest that the anti-wear additives 
were working efficiently with this oil to minimise metal-to-metal contact. 
7.6 Elemental Analysis of Worn Specimens 
EDX analysis was performed on worn specimens for all lubricants (Table 7.5). The 
amounts of oxygen and zinc that were detected on the specimens were easily 
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distinguishable and this could be the best basis for explaining the wear resistance results. 
The existence of oxygen could be related to retention of an oxide layer after the sliding 
process which influences to the friction and wear reduction [221]. The presence of zinc 
element was to form a protective layer by creating a barrier to prevent metal-to-metal 
contact. Both oxide layer and zinc protective layers are important in minimising the metal- 
to-metal contact between contacting bodies [50, 245]. 
The amount of oxygen in the MO lubricated specimen was the highest (10.43 wt%) 
when compared to others. This is associated with the lowest mass loss that the MO 
specimen produced. However, the amount of oxygen in the specimen lubricated with 
vegetable oils and vegetable oils-additive mixtures was not greatly retained. The amount of 
oxygen was slightly higher (1.43 wt%) found in the SBO lubricated specimen compared to 
the PO counterpart (1.17 wt%) and this was reflected in the result of the SBO wear 
performance, that was slightly better than PO. Although the oxygen detected in specimen 
lubricated with ZD:PO (2.25 wt%) and ZD:SBO (2.85 wt%) was higher than their pure oil 
state, they are about five orders of magnitude less than the oxygen amount detected in the 
MO lubricated surface and this is the reason why the higher wear was still produced. 
Furthermore, the amounts of zinc detected on the specimen lubricated with ZD:PO (0.03 
wt%) and ZD:SBO (0.09 wt%) were relatively small compared to the MO specimen (0.9 
wt%) and thus a thinner protective layer was thought to have formed. There was also a 
distinguishable amount of oxygen detected in hBN:PO (1.52 wt%) and hBN:SBO (1.71 
wt%) compared to their pure oil state which presented a slight wear reduction in their 
specimens. However, no boron compound was detected on the worn specimens, which 
proves that the hBN particles have been flushed out in the lubricant during the sliding 
process. The relationship between the mass loss and the wt% of O and Zn is shown in 
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Figure 7.8. It shows a non-linear relation between the mass loss and the weight % for both 
elements. Based on the graph (Figure 7.8), the small amount of zinc in weight % 
tremendously reduced the mass loss compared to oxygen, suggesting that the protective 
layer was more influenced by the zinc. 
 
Figure 7.8: Relation between the weight % of oxygen and zinc to the mass loss of 
specimens in relation to EDX analysis results in Table 7.5. 
7.7 Oil Viscosity Analysis 
Figure 7.9 shows the dynamic viscosity results measured at 40C and 100 C for 
fresh oil and used oil from the wear test rig. At both temperatures, the MO samples 
showed a higher viscosity compared to vegetable oils and vegetable oil-additive mixtures. 
As expected, all lubricants showed a viscosity changes with temperature in which their 
value drops from a low temperature to a high temperature. However, the changes in 
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viscosity over temperature for vegetable oils and vegetable oil-additive mixtures were 
found to be lower than from the MO sample. This lack of influence of temperature on 
viscosity for vegetable oils compared to MO suggests that the vegetable oils have a strong 
interaction between molecules that are resilient to temperature change. 
 
Figure 7.9: Viscosity of Mineral Oil (MO), Palm Oil (PO), Soybean Oil (SBO) and their 
blends with additives for fresh and used oil. 
The viscosity value for all used oils after the wear test was not greatly changed 
which indicates that little or no oil thickening process occurs during a sliding test. It is also 
noted that the addition of additives in the vegetable oils has not caused any significant 
changes in the oil viscosity value. A higher wear rate was reported for a sliding test in 
lower viscosity lubricant oil [233]. Thus, the lower value of viscosity in vegetable oils 
compared to MO sample could be the reason to the lower wear resistance of their 
lubricated specimens. The minimum film thickness formula [211] is dependent on the oil 
viscosity, where higher viscosity oil promotes higher film thickness. 
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7.8 Oxidative Stability Analysis 
The results of the oxidation stability tests for all lubricants performed using the 
rotary pressure vessel oxidation test (RPVOT) test rig are depicted in Figure 7.10. It was 
found that the MO sample showed the highest stability in oil oxidation (270 min) and 
recorded a higher peak pressure (200 psi) compared to the vegetable oils. The anti-oxidant 
additive that exists in MO (ZDDP) could prevent the rapid oxidation process.  
 
Figure 7.10: Rotary pressure vessel oxidation test (RPVOT) result for mineral oil (MO), 
palm oil (PO), soybean oil (SBO) and their blends with additives. 
The lower oxidation stability that the vegetable oils have may cause their poor wear 
performance [11]. The lowest oxidation stability and lowest peak pressure indicates that 
the oxygen, that was pressurised in the pressure vessel of the machine, has reacted more 
quickly with the oil. In its pure oil state, SBO exhibited the lowest oxidation stability (20 
min) with the lowest peak pressure (170 psi). The higher amount of unsaturated fatty acids 
in SBO compared to PO has made it more susceptible to oxidation. The higher unsaturated 
fatty acids in SBO compared to PO has made it more susceptible to oxidation.  The 
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additions of additives in vegetable oils have led to an improvement in oxidation stability, 
especially in ZD:PO. This clearly indicates that the ZDDP was actively performing as an 
anti-oxidant agent in delaying the oxidation process in vegetable oils. The higher oxidation 
stability of ZD:PO could probably be the main factor that influenced to the reduction of 
wear. However, the oxidation stability of ZD:PO is relatively lower than the MO sample 
which recorded about 50% less than the MO’s oxidation time.  
The higher oxidation stability of ZD:PO compared to ZD:SBO was influenced by 
their base oil performance. The pure PO has higher oxidative stability compared to pure 
SBO. The oxidation results for ZD:PO and ZD:SBO was also exhibited a similar trend 
(ZD:PO was higher than ZD:SBO). A slight improvement in oxidation stability was also 
seen in hBN:PO which is likely attributed to the small volume of mineral oil in the mixture 
that acted as a carrier fluid for the hBN additive. Mineral oil performed well in oxidation 
stability. In addition, there is no evidence found in literature that the hBN may act as an 
anti-oxidant agent. 
7.9 Acid Number Analysis 
The acid number (AN) for all lubricants tested in the form of fresh oil, used oil 
from wear test rig and used oil from the RPVOT test rig is depicted in Figure 7.11. AN is a 
measurement of oil acidity that is to quantify the amount of pottasium hydroxide (KOH) in 
miligram needed to neutralise one gram of oil. Measurement of AN is important in 
lubricant studies in order the monitor the oil oxidation level (ASTM D664-11a).  
In an oxidised oil, the hydroperoxide which is formed during propagation stage, 
may form oxygenated compounds like aldehydes and ketone which then may react further 
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to form organic acids with the existence of oxygen [250]. It can be seen that the pure 
vegetable oils (PO and SBO) exhibited the lowest AN compared to MO and their 
vegetable oil-additive mixtures in fresh oil state. It is also noted the MO sample and 
vegetable oil-additive mixtures recorded a higher AN. All of the used oils from the wear 
test rig have also shown an increase in AN. However, the AN values for used oils from the 
wear test rig were relatively small compared the AN after RPVOT. 
 
Figure 7.11: Acid number for all lubricants. 
The higher AN value from fresh SBO (0.98 mgKOH/g) relative to PO (1.98 
mgKOH/g) is possibly due to the higher acidity of the free fatty acid that is inherent in 
unrefined oil (SBO). During the refining process, most of the free fatty acids are removed 
[251]. The higher AN in the MO sample and vegetable oil-additive mixtures could be 
attributed to certain additives like ZDDP that exist in lubricating oils that may increase the 
AN in a base oil [252]. This was confirmed by the AN value of ZD:PO and ZD:SBO 
where significant increases in AN were seen when the ZDDP was added to pure PO and 
SBO. The highest AN recorded for oil samples taken from RPVOT test rig have confirmed 
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that acids were produced during the oil oxidation process. This reinforces the earlier notion 
that an oxidised oil has a higher AN than the fresh oil sample and that the oils have been 
oxidised or started to oxidise after the wear test. This may also have contributed to higher 
wear in ZD:PO and ZD:SBO compared to MO as ZDDP is less efficient as anti-wear agent 
when it reacts with the peroxy radical that builds up in oxidised oil [253]. 
7.10 Conclusions and Summary 
From the results presented of experiments conducted at severe contact conditions 
involving vegetable oils and their blends with additives (combined together and 
summarised in Table 7.6), the following conclusions can be drawn: 
 The addition of 2% ZDDP in vegetable oils did not influence the fatty acid 
composition in vegetable oils. However, this level of additive has led to a 
significant improvement in wear, friction and oxidation stability. 
 The amount of oxygen detected on worn specimens was found to be related to the 
amount of mass loss and the amount of zinc found on the worn surface was 
significantly related to the level of wear. 
 The oxidative stability of oil and the surface waviness of the worn specimens are 
the factors most strongly related to the mass loss of specimens. The level of change 
in surface roughness of the specimen in the wear scar region was dependent on the 
friction coefficient during a particular test. The higher the friction, the higher the 
surface roughness. 
  
2
0
8
 
Table 7.6: Summary of friction and wear results in relation to other experimental data 
Lubricants Mass 
loss 
(mg) 
COF Surface 
Waviness, 
Wa (µm) 
Surface 
Roughness 
at M2 
point, Ra 
(µm) 
Viscosity 
at 100 
°C (cP) 
Oxidation 
Time 
(min) 
TAN 
(mgKOH/g) 
Zn 
(wt%) 
O 
(wt%) 
Zn 
(ppm) 
B 
(ppm) 
MO 0.65 0.093 1.4 0.06 12.32 270 2.24 0.9 10.43 781 43 
ZD:SBO 18.26 0.099 17.16 0.23 7.36 60 2.53 0.09 2.85 1129 0 
ZD:PO 24.99 0.095 29.08 0.24 7.98 140 1.98 0.03 2.25 1153 3 
hBN:SBO 37.72 0.116 30.88 0.38 7.08 20 1.21 - 1.71 65 357 
SBO 42.73 0.112 36.29 0.27 7.1 20 0.98 - 1.43 3 1 
hBN:PO 43.61 0.111 35.72 0.32 7.85 40 0.44 - 1.52 65 342 
PO 45.76 0.105 41.43 0.26 7.78 30 0.24 - 1.17 1 2 
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 The ZDDP was found to perform three tribological functions when used as an 
additive in vegetable oils: as an anti-wear agent, as an antioxidant, and as a friction 
modifier.  
 Of the additive-vegetable oil mixtures, the ZD:PO oil provided the best friction 
reduction while the ZD:SBO provided the best wear resistance. 
 The tribological performance of vegetable oil-additive blends was dependent on the 
tribological performance of its base oil. 
 The function of hexagonal Boron Nitride as an anti-wear additive is less effective 
when the particles size is greater than the surface roughness.  
In view of the presence of molybdenum and zinc and their contribution to the 
performance of the MO, a combination of ZDDP with MoDDP or MoDTC additive should 
be considered for future work aiming to improve the tribological performance of vegetable 
oil. Much more development is also needed to be carried out on formulating vegetable oil 
based lubricants for them to be viable alternatives to hydrocarbon-based lubricants 
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Chapter 8:   Discussion of the tribological performance of vegetable oils 
This chapter aims to highlight and connect the main tribological results found in the 
Results and Discussions chapters. Each chapter (Chapters 4-7) that was represented 
individually in this thesis are linked together here to show their commonality that drives 
the overall outcomes of this study. A brief description of the rationale and the needs of the 
testing described in each chapter is presented, underlining the key issues, along with 
possible explanations and issues interconnected to the next part of the work (i.e. the next 
chapter). Some of the evidence collected from the friction and wear tests, specimens’ 
analyses and oil analyses have been used as the basis for the discussion and they are cross-
referenced with the relevant published literature where necessary. A final summary 
covering the overall findings and discussion of the study as a whole is also included. 
8.1 Responses of grey cast iron specimens’ hardness on friction and wear of 
vegetable oil 
Before evaluating the tribological performance of vegetable oils, it is important to 
assess the possibility of producing an unintentional error during the experiment.  This kind 
of error may come from several sources and may affect the reliability of the measured 
data. It includes the errors that come from materials (non-uniformity of specimens’ 
strength), test rig (machine vibration, load cell calibration, test set-up etc.) and the 
lubricants (composition of elements).  
In this study, during the trial and error run of grey cast iron specimens lubricated 
with vegetable oil, it was found that the mass loss data varied considerably between tests. 
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Further investigation was conducted by means of checking the hardness of the grey cast 
iron specimens and comparing with the value published in the relevant standard (BS 
EN1561:2011) and previous literature [162]. It was found that the hardness of grey cast 
iron specimens varied greatly, even within the same specimen (Appendix 1).  To minimise 
the experimental error that may come from the variations in the material properties, the 
grey cast iron specimens used in this study have been strictly examined. This was done by 
measuring the hardness directly on the intended wear scar region and the average hardness 
was taken based on hardness value at three points on the intended wear scar. The friction 
and wear response of different specimens hardness (low, medium and high hardness) with 
the soybean oil were then performed as described in Chapter 4. 
Through analysis of the hardness measurement results on the intended location of 
the wear scar of the grey cast iron specimens, the hardness range was found to be very 
high (65 HV; lowest value 185 HV to highest value 250 HV). Based on this hardness 
range, the specimens were then classified into three groups to represents low, medium and 
high hardness (Table 4.2). This classification is important in order to evaluate the response 
of specimens’ hardness on the friction and wear performance of vegetable oils. It should 
also be noted that the majority of the specimens’ hardness on the intended wear scar was in 
the range of 200 HV-210 HV. Thus, the specimens in this hardness range are the most 
suitable to be used for conducting the experiments described in Chapter 5, 6 and 7. 
The wide hardness range of grey cast iron specimens produced in this study (65 
HV) was reliable data as this value is close to the standard (70 HB in range, BS 
EN1561:2011) and similar with the hardness range found in the previous work (65 HB) 
[162]. The factors that influence the variation of hardness in the grey cast iron specimens 
may include the element composition, size of flake graphite and distribution on the metal 
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matrix and processing variable in the foundry such as the casting cooling rate [166, 213]. 
The graphite size on the different position of the material (either at centre or corner 
position) is very much influenced by the casting cooling rate [166]. A slow cooling rate 
(typically occurs at the centre position) tends to produce bigger graphite size in grey cast 
iron microstructure thus, promoting lower hardness [166, 167]. In addition, it was reported 
that higher cooling rates are associated with the dendrite fineness as a result of the 
decreasing in the distance between the dendritic arms in GCI specimens which produce 
higher hardness [254]. Results found on the further examinations on the material cut out of 
the specimens were agreed with this idea. The differences in graphite size and graphite 
distribution are shown by low and high hardness specimens (Figure 4.10) as well as the 
metal matrix distribution (pearlite and ferrite) support the former explanation [166, 167, 
254] that the material hardness in the grey cast iron was influenced by the graphite size 
and distribution which associate with the casting cooling rate. 
From the results of friction and wear tests conducted at the different specimen 
hardnesses (low, medium and high hardness) on the intended wear scar region by soybean 
oil, it was found that the tribological results were significant. The differences of the 
friction coefficient between the low and high hardness specimens were about 13%, but for 
wear it was much higher (74%). The results show that the wide hardness range issue in 
grey cast iron specimens is a very important aspect to be considered before conducting the 
friction and wear test especially involving vegetable oil with reciprocating sliding point 
contact. The hardness then needs to be properly measured and controlled on the intended 
wear scar before the test begins. In this study, the hardness was measured on the intended 
wear scar by three points that have about 5 mm gaps in between (Figure 3.3). If the 
hardness measurement is not taken seriously or the specimen hardness is assumed as a 
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bulk value, it may contribute to the producing of unreliable tribological test data (produce 
higher data variation between tests) especially for evaluation of reciprocating sliding point 
contact with the vegetable oils.  
Despite GCI specimens having a great influence on the assessment of the 
tribological performance of vegetable oil in reciprocating sliding point contact, many 
reports published previously ignored the wide range of hardness and used bulk value as a 
single value (for example, 265 HV [150] and 195 HB [165] ) of GCI hardness prior to 
conducting their tribological test. They also did not highlight any issues regarding the 
variation in their friction and wear test data as has been emphasised in this study. This was 
probably due to their type of contact being different from the one used in this study, i.e., 
they were using a conformal contact like pin-on-disc [150] and curved surface on a 
rotating ring [165]. This conformal contact could be less sensitive in responding to the 
wide hardness distribution on the GCI specimen surface compared to the point contact. In 
a conformal contact, the two surfaces have closely matched curvatures with each other 
with a high degree of geometrical conformity. As a result, the load is carried over a large 
area of surface interaction and the localised pressure concentration at the interface is low. 
Thus, the variance in the tribological performance, especially on the wear resistance, due 
to wide hardness distribution on the surface could not be seen significantly.  
Another possible reason might be due to the amount of load applied in the previous 
cases [150, 165] resulting in a very low contact pressure compared to the pressure applied 
in this study (1.7 GPa). For example, it is estimated that the maximum pressure applied in 
both cases above were 0.19 GPa [150] and 0.935 MPa [165] which produce a pressure to 
shear strength ratio to 0.7 and 0.003 respectively (calculations based on Figure 4.7). These 
lower contact pressures show that the wear process could occur in the elastic region 
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(Figure 4.7) and possibly far from the limit of severe wear. Thus, they are not very 
sensitive in responding to the wide distribution of hardness on the surface, especially to the 
lower hardness area. Compared to this study, the 1.7 GPa contact pressure applied was 
very high (beyond the plastic limit in Figure 4.7) and could be very sensitive to the lower 
hardness area and thus, sufficient enough to produce severe wear.  
In summary, the wide range of grey cast iron specimens’ hardness have shown 
evidence of producing high difference in the tribological performance when tested with the 
vegetable oil, particularly by reciprocating sliding point contact. They may produce a high 
standard deviation for friction and wear results between specimens with different hardness. 
This hardness issue has to be taken into consideration in the remainder of the work 
presented here as it may lead to producing false results especially in the case of comparing 
two lubricants with small differences in their friction and wear performance. Thus, a tight 
material characterisation has been implemented throughout the study (as presented in 
Chapters 5-7) by only allowing the specimens that have a hardness on the intended wear 
scar in the range of 200-210 HV. 
8.2  Tribological performance of pure vegetable oils 
 In conducting research on vegetable oils as biolubricants, it is important to 
establish their base line performance in friction and wear before any improvement is made 
to them. Further to this, an understanding of the compositions of pure vegetable oils and 
their lubrication mechanisms is also needed. As such, tribological tests involving palm oil 
and soybean oil in its pure state were conducted by a reciprocating sliding point contact in 
Chapter 5. It is well known that commercial lubricants used in automotive engines have 
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been developed by formulating base oil with additive packages that provide excellent 
engine protection. As a reference for future improvement work, it is also important to 
include data that shows how much the friction and wear of these pure vegetable oils are 
different from that of the commercial oils. Thus, a similar tribological test was also 
conducted on the mineral engine oil (15W 40). As the issue of grey cast iron specimens 
hardness has been identified, the specimens with a tight hardness range of 200 HV-210 HV 
on the intended wear scar have been used in this study.  
In comparing both vegetable oils, the friction performance shown by pure PO and 
SBO is not much different in which the pure PO (COF=0.105) exhibited slightly lower 
friction than the SBO (COF=0.112). The difference in COF could be explained by the 
types and composition of fatty acids in both oils. The COF increases with increasing in 
unsaturation of fatty acids in which the saturated acid exhibited lower friction coefficient 
than the unsaturated acids [134]. In this case, higher degrees of saturated fatty acids 
(dominant in PO) are consisting of a straight chain molecular structure. When they are 
adsorbed on the surface, they tend to  align themselves in a linear fashion on the surfaces. 
This adsorbed structure could then produce a smoother interaction of molecules between 
surfaces during relative motion and thus, minimise the friction (Figure 5.5a).  
The lower friction result shown by PO compared to SBO, however, is not similar to 
the result found in wear resistance. The PO, recorded higher mass loss (45.76 mg) 
compared to SBO (42.73 mg). This fact discloses that in vegetable oil lubrication, friction 
and wear are not related, leading to a suggestion that a base oil selection is very important 
in aiming for either friction or wear improvement. Previous studies on the tribological 
performance of vegetable oils also show that their relationship between friction and wear 
with vegetable oils is commonplace [9, 130, 255]. For example, it was recorded by a four-
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ball-tester that soybean oil produced higher friction than palm oil, but in terms of wear 
resistance, it was reversed [9]. Similarly, by pin-on-disc machine, the soybean oil 
produced higher wear compared to corn oil, but for friction, it was lower [130]. However, 
these authors did not discuss the reason for this observation.  
In this study, it is suggested that this opposite relation between friction and wear in 
vegetable oils was due to their amount and molecular chain structure of fatty acids. PO and 
SBO are different in terms of fatty acid types and compositions. It is proposed (Figure 5.5) 
that the saturated fatty acids which are enriched in PO may form in a linear orientation and 
thus smooth the motion on the surface. However, this linear orientation tends to produce 
spaces in between carbon chains and these spaces may be easily filled up by other carbon 
chains from the opposite surface and thus promote metal-to-metal contact. SBO, on the 
other hand, is enriched with unsaturated fatty acids, which consist of bent carbon chains. 
These bent chains could increase the resistance of motion on the surfaces when they are 
interacting during sliding. However, when the contacting surfaces are loaded during 
sliding motion, the bent chain may be overlapped and thus provide an extra protective 
layer and minimise metal-to-metal contact. The same reason proposed above might also be 
used in comparing the performance of pure soybean oil and corn oil as reported in the 
previous study [130]. Although the amount of saturated acids in both oils (soybean oil and 
corn oil [256]) are almost similar, they differ in the amount of unsaturated fatty acids (corn 
oil has higher oleic and linoleic acids). Higher unsaturated acids in the corn oil compared 
to soybean oil could produce higher friction, but possibly lower the wear due to more bent 
carbon chains existing in the oil. 
In relation to the COF of mineral engine oil (15W 40) that is used as a reference oil 
in this study, the COF produced by the vegetable oils is competitive (Figure 5.1). The pure 
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PO, although it produced higher COF than fully formulated MO, the difference is only 
11%. This shows that the pure vegetable oils have a potential characteristic as a base oil 
for biolubricants development. Fatty acids that exist in the vegetable oil are polar 
molecules which are easily attracted to the metal surfaces by the mechanism of 
chemisorption and thus provide a layer to minimise friction [111]. 
In terms of wear performance, both vegetable oils exhibited inferior wear 
compared to the MO (about 98% differences, Figure 5.4).  The SBO mass loss (42.73 mg) 
was more than fifty orders of magnitude higher compared to MO (0.65 mg). Catastrophic 
damage (the wavy-shape wear scars) can also be observed in vegetable oils lubricated 
specimens compared to the MO counterpart. Through examination, under the optical 
microscope, of the worn surfaces, it can be seen that there are several burn-like marks 
visible at some areas (brownish colour, Figure 5.9). These burn-like marks may be 
produced by frictional heating due to metal-to-metal contact during sliding at some 
asperities. The frictional heating could increase the surface temperature and thus, may 
change the surface colour.  
To verify this suggestion, a surface temperature calculation was carried out 
(Appendix 9) and compared with the image of heat treated steel (Figure 5.6).  It was found 
that a good agreement is achieved between the surface temperature values (204 C for 
SBO), the colour of steel heat treated images (brownish colour at about 204 C) and the 
colour of burn-like marks image suggested that the vegetable oils experienced a lubrication 
breakdown at severe contact conditions. In addition to this, the appearances of severe 
abrasion on the worn surfaces of PO and SBO compared to MO (SEM images, Figure 
5.10), could also be used to support the claim of lubrication breakdown. A complete 
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breakdown of the wear surface is evidenced by the appearance of smearing and tearing of 
the steel surface with grooving up to 200 m [257] and this value is almost similar with 
the depth of wear scar found in PO and SBO specimens (more than 200 m, Figure 5.7). 
The poor wear performance results exhibited by both vegetable oils in this study is 
as expected because the protective film on the surface formed by their fatty acid molecules 
is easily removed under extreme operating conditions [44, 258]. However, the question of 
how much the protection layer has been removed during sliding is something interesting to 
be highlighted here. This is prompted by the indication that the large percentage difference 
shown by the vegetable oils compared to the mineral engine oil in wear resistance (about 
98%) did not seem to be reflected in the friction coefficient differences (about 11%). 
Although the wear performance of vegetable oils was extremely poor, the friction 
performance is fair relatively to the fully formulated mineral engine oil. A similar result 
was reported by Gerbig (using reciprocating test by steel materials) [14] who indicated that 
vegetable oils are competitive in terms of friction coefficient rather than wear resistance 
when compared with the mineral oil and synthetic esters. This brings about a suggestion 
that the protective layer formed by fatty acids was not completely removed during sliding, 
but rather leaving a small part of its working layer on the surface to improve the friction as 
shown through the friction results. This could possibly happen in certain areas, especially 
in the middle space between asperities where there is no metal-to-metal contact exist. 
Other factors that may contribute to the higher wear of vegetable oil lubrication are 
the oxidation of the oil. The increase of hydroperoxide level in oxidised vegetable oils has 
shown a significant effect on wear [124]. It was exhibited that the oxidative stability of 
vegetable oils in this study is very poor compared to the MO counterpart (Figure 5.13). 
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Similarly, it was found that the oil viscosity and the acid number were slightly increased 
after the experiment (Figure 5.11 and Figure 5.12) suggesting that the oil in the test rig 
experienced mild oxidation [44, 120]. Higher wear resistance results in MO lubricated 
specimens are likely to be linked with the additive packages that exist in its formulation. 
The existence of elements like zinc, molybdenum and boron in the MO sample (Table 5.2) 
suggest that its base oil has been treated with an anti-wear additive, antioxidant and 
friction modifier which may include zink dialkyldithiophosphate, boron nitride and 
molybdenum ditihiocarbarmate or dithiophosphate.  
Another observation that is important to be discussed here was the formation of the 
wavy shape of wear scar on the specimens produced by the pure vegetable oils after the 
wear test. This could be a sign of catastrophic damage which is caused by the breakdown 
of vegetable oil lubricants at severe sliding contacts conditions. This wavy-shaped wear 
scars are similar to the appearances of wear scar found on the test of hard steel balls (AISI 
52100) on soft steel plates (NSOH B01) carried out by Plint [259]. However, the reason 
for the formation of this shape after the sliding process was unexplained. It was also 
suggested that this phenomenon occurred due to the applied load in this study having 
entered the plastic ratcheting region which is beyond the shakedown limit (Figure 4.7) 
[218]. In the plastic ratcheting region, large plastic strains are slowly accumulated and 
superimposed during each sliding cycle (forward and backward sliding motion) as 
proposed in Figure 4.9.  
In summary, the results found in this part of the study (Chapter 5) have provided 
baseline data for the friction, wear and oxidation stability of the pure vegetable oils (palm 
oil and soybean oil) with regard to a commercial mineral engine oil. The friction 
coefficient of pure vegetable oils shows competitiveness and indicates potential 
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opportunities for future development. This friction coefficient result has also motivated a 
question on how efficiently the fatty acids layer is removed from the surfaces during the 
sliding process at severe contact conditions.  
However, the direct use of pure vegetable oils as a lubricant in the automotive 
engine could be disastrous to the engine components as they produced very high wear due 
to the breakdown of lubrication. The lubrication mechanism of pure vegetable oils, 
influenced by the molecular structure of the saturated and unsaturated fatty acids, has been 
proposed. Apart from the high levels of wear, the protective layer of vegetable oils formed 
by their fatty acids is thought not to be entirely removed during the extreme sliding 
conditions, but rather leaving some space for the layer to encounter the friction. The test 
results of palm oil and soybean oil also reveal that the friction and wear are not related. 
That said, in prioritising either friction or wear improvement, a base oil selection is 
significant. 
The large differential in wear resistance result of the MO compared to pure 
vegetable oils creates great opportunities for improvement. The element compositions 
traced in the MO have triggered an interesting idea to be studied on what will happen if 
they exist in the vegetable oils. These trace elements which include the additive packages 
in the MO are believed to be a major contributor to its lubrication effectiveness. However, 
the investigation on the effects of the each traced additive element found in the MO sample 
in the vegetable oil could be a long term research. One alternative of this could be by 
formulating a mixture of lubricant which combines both mineral engine oil and vegetable 
oil at 1:1 blend ratio. In this blend ratio (vegetable oil-mineral oil blend), the additives 
packages that exist in the MO are still in the oil blend where the amount is assumed to be 
reduced by about 50% from the original concentration of the MO. In this formulation, a 
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half volume of MO is mixed with another half volume of vegetable oil (from the original 
volume of lubricant in the oil bath of the test rig) with a half concentration of MO 
additives. The effect of MO additive packages in the vegetable oils could produce a 
friction and wear data in between of the MO and the pure vegetable oil and the middle 
value is expected as a hypothesis of the test. 
8.3 Tribological Performance of vegetable oil-mineral oil blend 
The mineral engine oil used in Chapter 5 is a fully formulated oil with an additive 
packages which includes an anti-wear additive. As a result, it the MO depicted a superior 
tribological performance when compared to the pure vegetable oils particularly in wear 
resistance. In view of the wear result gap between the MO and vegetable oils (98% in 
differences), an idea has been triggered to observe on how much improvement can be 
made on the vegetable oils performance with the help of MO.  
The first attempt to find the improvement on the tribological performance of the 
vegetable oils is made by blending them with a commercial mineral engine oil at an equal 
blend ratio (Chapter 6). Apart from finding an improvement, the idea of this blending is to 
evaluate the response of the additive packages that exist in the MO sample in the vegetable 
oils. This method could be the simplest and quickest way as it did not require any complex 
chemical process or formulation. However, the additive packages contained in the 
vegetable oil-mineral oil blend are expected to be diluted to about half of their 
concentration as compared to the original volume of the MO. The effectiveness of the 
additive packages in the vegetable oil is judged based on the expected tribological results, 
i.e., the blended oil could at least achieve a middle value in between the tribological 
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performance shown by pure vegetable oil and MO. This hypothesis is based on the 
previous literature on the two vegetable oils blend [140] and vegetable oil-mineral oil 
blends [22] which achieves a mean value of fatty acid compositions [140] and mean value 
of additives concentration [22] in their oil blends at 50:50 ratio. 
As expected, the spectrochemical result for the vegetable oil-mineral oil blends at 
1:1 blend ratio exhibited that all additive elements in MO have reduced into about 50% in 
their concentration (ppm, Table 6.2). For example, the value of zinc element in MO was 
781 ppm and when the MO is blended into PO, it has reduced to 389 ppm. The reduction 
of about 50% in additive concentration found in this study is similar to the result reported 
by Shahabuddin et al. [22], i.e., when a jatropha oil is blended with a commercial lubricant 
(SAE 40) at 50:50 blend ratio. As a result, the 50% reduction of the additives in the half 
volume of MO used in the blended oils has influenced to their tribological performance 
(Figure 6.1 and Figure 6.2). In addition to this, the tribological results found in the 
vegetable oil-mineral oil blends have produced a value in between the value of MO and 
vegetable oil in its pure state.  
 
Figure 8.1: Coefficient of friction results for MO:PO and MO:SBO compared to their pure 
oil state. 
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Figure 8.2: Mass loss results for MO:PO and MO:SBO compared to their pure oil state. 
The detailed data of the friction, wear and oxidation stability of the blended oils, 
however, have shown a biased result where the values were nearer to the vegetable oils 
side (Figure 8.1, Figure 8.2 and Figure 8.3). It is interesting to note that although the MO 
exhibited a superior result in wear resistance compared to its vegetable oil counterpart, the 
addition of 50% of MO in the vegetable oils failed to contribute similarly to the wear 
resistance enhancement (differences in wear is more than 40 orders of magnitude 
compared to MO). It is recorded that the mass losses for MO:PO specimens (34.02 mg) are 
much closer to the mass losses of the PO specimens (45.47 mg) compared to MO 
specimens (0.65 mg). In the same way, the friction improvement found in the vegetable 
oil-mineral oil blends was very small. The COF for PO:MO blend has 1% lesser than the 
COF of PO. Similarly, the SBO:MO blend only reduced the friction by 3% compared to 
SBO in its pure state. This indicates that in a 1:1 blend ratio of vegetable oil-mineral oil, 
the vegetable oil has a strong domination and very much impacts in influencing the friction 
and wear performance. The higher wear and friction results presented by the MO-
vegetable oil blends in this study have shown a similar trend when a mix of 50% jatropha 
oil with 50% of commercial lubricant (SAE 40) was tested by pin-on-disk tester [22]. 
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However, in that study [22], the author was not comparing the performance with the pure 
jatropha oil and the reason behind the higher friction and wear results at a particular 
percentage of 50% was unexplained.  
The strong dominance shown by the vegetable oils in the vegetable oil-mineral oil 
blends in friction and wear results may indicate the failure of MO additives to be fully 
adsorbed on the surfaces. This is probably because of there are some areas on the surfaces 
that are still covered by the fatty acid molecules as suggested in the above section (Section 
8.2) which hinders the MO additive activities on the surface. A previous study by Vizintin 
et al. [258] on the addition of extreme pressure (EP) additive in rapeseed-based oil could 
be used to back-up this claim. Vizintin et al. [258] found that at a low contact pressure 
(1.0-2.5 GPa) the wear performance for rapeseed oil-EP additive has no significant 
difference from the rapeseed oil alone. However, at a higher contact pressure (3.17 GPa) 
the wear for rapeseed oil with the EP additive dropped a lot. Vizintin et al. [258] suggest 
that the EP additive only started to work at higher contact pressure, i.e., when the 
adsorption film of the rapeseed oil was completely breaking down. Another possible 
reason for the failure of MO additives to effectively work on the surfaces lubricated by the 
vegetable oil-MO blend might be due to the competition of additives on the surfaces. Studt 
[260] found that the increase in the amount of polar compounds in oil could reduce the 
adsorption of additives on the metal surface due to competitive adsorption, which leads to 
the inefficiency of anti-wear additives. Similarly, due to the high polarity of the fatty acid 
molecules in the vegetable oil, which strongly adsorbed on the surface, the MO additives 
that exist in the oil blend are incapable of settling down on the surface; the efficiency of 
anti-wear additives is thus decreased. 
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The similar trend of the vegetable oil domination in the friction and wear results of 
vegetable oil-mineral oil blend was also found in the oxidation stability test (Figure 8.3). 
Contrary to this, it was reported in the previous study that when two vegetable oils are 
blended at 50:50 volume ratio, the oxidation behaviour is produced in between (mean 
value) of their pure oil value [140]. In this study, the oxidation time in MO:PO (90 min) is 
closer to the oxidation time of PO (30 min) and far lower compared to MO (270 min). 
Similarly, for MO:SBO, the oxidation time (35 min) was closer to its pure SBO (20 min). 
This shows that the existence of unsaturated fatty acids (with the presence of carbon 
double bond in their structure) in both PO and SBO are very strong in promoting the rapid 
oxidation of the vegetable oil-mineral oil blend. The total percentage of unsaturated fatty 
acids in PO (54.9%) and SBO were high (83.3%) (Figure 5.2) and this could lessen the 
effect of the anti-oxidant that exists in the oil blends. The carbon double bond in 
unsaturated acids is more reactive [256] and this has made the MO:SBO blend more 
unstable to oxidation compared to PO:SBO. 
 
Figure 8.3: Oil oxidation results for MO:PO and MO:SBO compared to their pure oil state. 
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Another observation found from the friction result could mean that the COF for 
vegetable oil-mineral oil blend was following the trend of COF for its pure state. For 
instance, the PO has lower COF than the SBO and this trend is followed by the PO:MO 
blend where it has lower COF than the SBO:MO. Similarly, the higher mass loss exhibited 
by MO:PO compared to MO:SBO was related with the mass loss result of PO which is 
higher than the SBO. Based on these findings, it is clearly shown that the performance of 
vegetable oil-mineral oil blends was influenced by the type of base oil (vegetable oil) used 
in the oil blend. This suggests that the lubrication mechanism (proposed in Figure 5.5) that 
explains the phenomenon of opposite relation between friction and wear of PO and SBO 
may be still valid in the blended oils. The existence of the base oil of the MO with the 
additive packages in the vegetable oil-mineral oil blends possibly did not change the 
molecular structure of fatty acids that were attracted to the surfaces. 
In view of the tribological results found in Chapter 6, a lubrication mechanism for 
vegetable oil-mineral oil blend was proposed in Figure 6.3 (comparison between PO, MO 
and MO:PO). This explains how the vegetable oil could play an important role in 
influencing the wear in the vegetable oil-mineral oil blend. It is suggested that due to the 
polarity of vegetable oil, the carboxyl group in fatty acids molecules are possibly attracted 
to the metal surfaces, thus, blocking some of the antiwear additives from the MO settling 
down on the contacting surfaces. Furthermore, this has prevented the formation of a fully 
protective layer by the MO anti-wear additives and thus contributed to higher wear. The 
elemental analysis of the worn specimens lubricated by the blended oils and MO support 
this proposal (Table 6.5). It should also be noted that the zinc element detected in 
MO:SBO specimens (0.01 wt%) was too little compared to the one detected in MO 
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specimens (0.90 wt%) despite the zinc concentration was reduced by only about 50% in 
the MO:SBO (spectrochemical analysis, Table 6.2). 
In summary, the formulation of vegetable oil-mineral oil blended lubricants at a 1:1 
ratio has failed to achieve the targeted tribological improvement, at least to attain a mean 
value of the tribological performance in between the value of vegetable oil and mineral oil. 
The use of diluted additive packages in the oil blends has shown ineffective functionality 
in improving friction and wear due to the presence of vegetable oil. This is probably due to 
the existence of the fatty acid layer on the surface even though after sliding and their 
polarity characteristic that might be blocking and preventing the additives from settling 
down on the surfaces. The use of a single anti-wear additive in higher concentration 
(compared to the concentration in the vegetable oil-mineral oil blends) in the vegetable oil 
alone might be able to verify this suggestion, as well as to improve the overall tribological 
performance. 
8.4 Tribological Performance of vegetable oil-anti-wear additive blend 
The outcome of blending the mineral oil with the vegetable oils at a 1:1 volume 
ratio, besides evidencing their poor tribological performance, is to trigger an initial clue 
about how the conventional anti-wear additives will work on a surface lubricated by the 
vegetable oils. In Chapter 6, the vegetable oils have shown their dominant factor in 
influencing the friction and wear of the oil blends. Although the elements of MO additives 
were detected in high amounts in the vegetable oil-mineral oil blends, their amount in 
elemental analysis of worn specimens was relatively little. It is also proposed in Chapter 6 
Chapter 8 
 
229 
that the fatty acid’s polarity in the vegetable oils might have lessened the role of the anti-
wear additive on the surface.  
In Chapter 7, the main idea of the work was focusing on the final objectives of this 
research, i.e., to find the tribological improvement of vegetable oils through the use of 
additives. Thus, the direct blend of a single anti-wear additive in the pure vegetable oil is 
implemented in Chapter 7. Apart from seeking a tribological improvement and 
investigating the additive response in the vegetable oil, it also can be used to verify the 
earlier suggestion that was proposed in Chapter 6 (Figure 6.3) that said, the polarity of 
fatty acids in the vegetable oil has prevented the additives from being adsorbed onto the 
surface. The antiwear additives used in Chapter 7 are those from commercial additives that 
have been claimed to perform well with the commercial mineral engine oil by the 
manufacturer (zinc dialkyl dithiophosphate and boron compound). 
The PO and SBO blended with the ZDDP additive showed positive results in 
friction reduction and a similar response was observed when the ZDDP was mixed with 
other vegetable oils [12, 29, 142]. It should be noted that the ZD:PO lubricant presented a 
very competitive COF value (0.095) compared to the COF of MO (0.093). The lower COF 
of MO than ZD:PO could be caused by the molybdenum element detected in the MO 
sample. The existence of molybdenum element suggests that this oil may contain either 
molybdenum-dithiophosphate (MoDDP) or molybdenum-dithiocarbamate (MoDTC) 
additives as these additives reduce the COF in engine oil [225]. It is generally accepted 
that the role of ZDDP in lubricant oil is to form a series of pad-like structure on the surface 
which comprises a glassy, mixed iron and zinc phosphate layer [96]. This layer may serve 
as a protective film in minimising the metal-to-metal contact and thus, reducing friction in 
the vegetable oil. 
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One interesting outcome shown by the friction results in this study is the addition 
of 2% ZDDP into the pure PO, where the friction level of the oil blend has been reduced to 
a level comparable to the fully formulated MO (contains molybdenum based friction 
modifier). There are at least two logical reasons that can be used to explain this result. 
Firstly, it can probably be linked to the claim made in Section 8.2 above. That said, the 
protective layer of vegetable oils formed by their fatty acids is not entirely removed at the 
1.7 GPa applied in this study, but leaves some area for the protective layer to lower the 
friction (explanation was based on the result of extreme pressure additive in rapeseed oil at 
low and high contact pressure conducted by Vizintin et al. [258]). This unremoved fatty 
acid layer could still be intact on the surface and thus, may serve as a friction modifier in 
reducing the friction (also shown by the small difference of 11% in the pure PO and MO 
friction result presented in Chapter 5). In addition, the saturated acids such as palmitic acid 
that is comprised plentifully in the PO have a well-known history as effective friction 
modifiers [67]. Therefore, it can be seen that although with the absence of the 
molybdenum based friction modifier in the blended oil, the friction in the ZD:PO was 
comparable to the fully formulated MO.  Secondly, the concentration of the zinc found in 
the ZD:PO oil blend (1153 ppm) was relatively very high compared to the MO (781 ppm). 
Although the earlier claim suggests that the polarity of the fatty acids might prevent the 
MO additives from being adsorbed on the surfaces, the use of higher concentration might 
be able to allow more additive to attract onto the surface. In addition, it was reported that 
the concentration of an extreme pressure additive on the surface and its absorbability is 
increased as the concentration in the bulk oil increases [260]. Further to this, it was also 
reported that the friction coefficient for the canola oil with 2% concentration of ZDDP was 
lower compared to the 1% concentration and pure canola oil [261]. A higher concentration 
means higher chances for the additives to be adsorbed onto the surface. 
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Contrary to this, the boron nitride has failed to lower the COF of oil blends 
compared to their pure oil state. The blending of hBN:SBO exhibited the highest COF. 
The size of boron nitride particles used in this study (0.5 μm) is much higher than the 
average surface roughness of the specimens (Ra = 0.15 μm). They could possibly fail to 
coalesce into the spaces between asperities and become a third-body abrasive product. 
They are easily abraded from the surfaces during the sliding process and increase the 
friction and wear [34]. This idea could be supported by the elemental analysis of worn 
specimens (Table 7.5). Despite the higher concentration of boron element found in the 
vegetable oil-boron nitride blended oils (hBN:PO and hBN:SBO in Table 7.2), it did not 
appear on the worn specimens surfaces as analysed by EDX (Table 7.5). That said, the 
boron element has failed to stay on the surface after the sliding process. 
The existence of ZDDP in both PO and SBO is significant in wear resistance 
improvement. The improvement in wear was about 57% for ZD:SBO and 45% for ZD:PO 
compared to their pure oil. However, in the case of vegetable oil-boron nitride blends, a 
smaller amount of wear resistance improvement was recorded, i.e., 12% for hBN:SBO and 
5% for hBN:PO compared to their pure oil. It is suggested that the mechanism (effect of 
particle size) that causes higher friction is also responsible for the wear behaviour of 
vegetable oil-boron nitride blends. The wear reduction in the ZD:PO and ZD:SBO 
specimens compared to their pure oil counterpart indicates that the response of the anti-
wear additive in vegetable oil was positive.  
The ZDDP additive (detected as zinc and phosphorus elements in the 
spectrochemical test, Table 7.2) serves as a protective layer in preventing metal-to-metal 
contact during sliding. However, the higher concentration of zinc found in the ZD:PO 
(1153 ppm) and ZD:SBO (1129 ppm) compared to MO (781 ppm), was not reflected in its 
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impact in wear reduction. Although the amount of zinc concentration in MO is much lower 
than those found in the vegetable oil-ZDDP blends, its wear performance was better, 
proposing that the wear reduction was not only caused by the ZDDP alone. It is suggested 
here that the existence of another additive element in the MO might synergistically act as 
combined function as antiwear and friction modifier. This may include the molybdenum 
(from MoDDP or MoDTC additive) which potentially acts together with the ZDDP in 
improving the wear and friction performance of MO.  
It should also be emphasised at this point that the amount of zinc and phosphorus 
detected in the worn specimens of ZD:PO and ZD:SBO was very little compared to the 
one found in the MO specimens (EDX analysis, Table 7.5) despite the higher amount of 
zinc and phosphorus established in their oil blends compared to MO (spectrochemical 
analysis, Table 7.2).  This supports the earlier suggestion (Chapter 6, Figure 6.3) that the 
additive in the vegetable oil blends might not be able to settle down on the surface due to 
the polarity of fatty acids that cover most of the areas. As a result, the formation of 
phosphate layer in the vegetable oil that serves as a wear reducing layer in typical lubricant 
oil with the ZDDP additives[247-249] might be restrained and thus lessen the wear 
protection characteristic. The adsorption results of ZDDP in both polar and non-polar base 
oil on steel surface reported by Suarez et al. [262] may be used to support this claim. 
Suarez et al. [262] found that when ZDDP is blended in a non-polar base oil, the additive 
molecules have better access to the steel surface (a thicker layer is formed), leading to 
higher absorption rates than when ZDDP is blended in a polar oil. Suarez et al. [262] 
suggest that this is due to the higher affinity of the polar base oil molecules on the steel 
surface, which limits the access of the additive molecules to the surface and therefore their 
ability to attach and react with it to form a protective reaction layer. 
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The friction, wear and oxidation stability results for the vegetable oil blending with 
additive also were following the previous trend, i.e., their tribological performance was 
influenced by the base oil. For example, in a pure oil state, the PO showed a lower COF 
(0.105) compared to SBO (0.112). This result seems to be similar for PO and SBO with 
additives, i.e., the ZD:PO exhibited a lower COF (0.095) compared to the ZD:SBO 
lubricated surface (COF=0.099). Similarly, the mass loss for vegetable oil-additives blend 
is found to be parallel to the mass loss of their pure oil state, which is clearly agreed to the 
fact that base oil very much influences the friction and wear behaviour of a lubricant [263]. 
These results could also indicate that the differences in type and composition of fatty acids 
that exist in the pure PO and SBO (which influence to the friction and wear) did not 
change in their blended oils. 
With reference to the elemental analysis on the surface, the amount of wear was 
found to be inversely proportional to the amount of oxygen and zinc detected on the 
surface. That said, the lower the wear, the higher of amount oxygen and zinc detected on 
the worn surfaces which connected to the retention of the oxide layer and ZDDP protective 
layer on the surface. The amount of zinc, however, was greatly influenced by the level of 
wear compared to oxygen. Another important finding that could be highlighted here is that 
the ZDDP is an agent that may work simultaneously in three uses in the vegetable oils; as 
an anti-wear agent, anti-oxidant agent and friction modifier. Contrary to this, it was 
previously reported that the ZDDP alone in base oil was not efficient as a friction modifier 
as it increases the friction compared to the oil without ZDDP due to increases in roughness 
on metal surfaces [244, 245].  
In summary, the formulation of ZDDP in the vegetable oils has shown 
improvements in friction, wear and oil oxidation. The result with a boron nitride additive 
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in the vegetable oils, however, was not encouraging, probably due to the particle size used. 
The friction coefficient performance by vegetable oil-ZDDP blends was very good and 
their value is comparable to the commercial MO. This is probably due to some of the fatty 
acids layer that adsorbs on the surface could not be removed completely during sliding and 
thus, acts as a friction modifier to lessen the friction. The poor wear resistance of these 
lubricants, on the other hand, may be attributed to the inability of the anti-wear additive to 
work efficiently on the surface. The lack of enough anti-wear additive remaining on the 
worn specimen of vegetable oils was strengthened to the earlier suggestion that some of 
the anti-wear additives may be hindered to be adsorbed on the surface due to the polarity 
of fatty acids molecule which is stronger to attract on the surface. The superior wear 
performance of MO which contains less concentration of ZDDP than the oil blends could 
also indicate that the wear protection is not only performed by the ZDDP alone. The 
combination of few additives in vegetable oils should be extended in the future research to 
prove this suggestion. This includes a combination of ZDDP with MoDDP or MoDTC at 
an appropriate concentration as they act synergistically as friction modifier and anti-wear 
additive in the commercial MO. 
8.5 Summary 
The friction and wear results obtained from testing GCI specimens with vegetable 
oils have raised awareness toward the specimens’ hardness in regards to the reciprocating 
sliding point contact. Specimen hardness is one of the most important aspects to be 
considered in minimising the experimental error. It is suggested that the use of bulk 
hardness that typically to represent the overall specimen hardness is no longer valid, 
particularly for testing involving reciprocating sliding point contact using vegetable oil. 
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The assumption that the bulk hardness may be a fair representation of the entire GCI 
specimen hardness leads to a higher deviation in the friction and wear data as local 
hardness differs significantly in GCI specimens. This is troublesome especially in the case 
of assessing two lubricants that have very small differences in their friction and wear data. 
Thus, in order to produce more robust tribological results, hardness characterisations of 
GCI specimens on intended wear scar region prior to the test have been implemented and 
this method is applied throughout this research.  
The tribological results found in pure vegetable oils and commercial mineral 
engine oil has established a baseline data for the friction and wear improvement work in 
the future. The good tribological characteristics found in the vegetable oils, particularly the 
competitiveness in friction coefficient over the MO, has raised strong motivation that their 
base oil has a potential to be further developed. The opposite friction and wear results 
between PO and SBO are proposed due to their molecular chain structure of fatty acids 
between saturated and unsaturated acids. A deeper meaning for this is that, in selecting the 
base oil for biolubricant, it is important to identify which performance should be 
prioritised (either friction or wear) as different base oils have different characteristics on 
friction and wear. From the poor wear resistance results, the pure vegetable oils need to 
undergo a proper treatment process before they are viable as an alternative to the 
commercial mineral engine oil such as the use of additives or the base oil treatment 
process.  
The performance of the vegetable oils was found to be dominant in influencing 
friction, wear and oil oxidation in the vegetable oil-mineral oil blends at 1:1 blend ratio. 
The 50% contribution of the MO in the oil blends has failed to bring down the friction and 
wear value to a targeted value (a middle value between their pure oils) suggesting that the 
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additives’ role was hindered. It is believed that the adsorption of MO additives has been 
limited by the existence of fatty acids that were not removed completely from the surface 
due to inadequate contact pressure during sliding. The polarity effect of fatty acids have 
made them stay on the surface thus, may block and lessen the additives role.  
The friction coefficient performance shown by the vegetable oil-ZDDP blends was 
comparable to the fully formulated MO which supports the claim that the fatty acids layer 
might have not been removed entirely during sliding and subsequently acts as a friction 
modifier. The friction and wear result performed by boron nitride additive in the vegetable 
oils, however, was not positively improved and this could be due to the particle size used. 
The existence of ZDDP in the vegetable oil has the capability to form a protective layer on 
the surface of grey cast iron in minimising wear. However, the lower wear resistance and 
the lower amount of ZDDP detected on the surface shown by the vegetable oil-ZDDP 
blends may be caused by a competition of the ZDDP additive with the fatty acids on the 
surface. It is also suggested that the wear protection could not only be performed by the 
ZDDP alone. The combination of other additives such as molybdenum based additives 
with the ZDDP at appropriate concentration could act synergistically in reducing both 
wear and friction in the MO. 
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Chapter 9:   Conclusions and suggestions 
In this final chapter, the outcomes of the study are presented as a reflection against 
the project aim objectives defined in Chapter 1. Summaries of findings related to the 
project objectives are highlighted point by point and the project aims are then concluded. 
Recommendations for future work, publications arising from this work and the scientific 
contributions are also stated.  
9.1 Achievement on Objective 1 
It was determined that the EN1561-GJL-250 grey cast iron has a wide range of 
hardness as measured on its surfaces. This wide range of hardness greatly influences the 
friction and wear results when tested with soybean oil as a lubricant. In view of the friction 
and wear response toward the grey cast iron specimens, the use of single bulk hardness 
values to represent GCI specimen hardness should be avoided and hardness measurements 
performed on intended wear scar regions prior to testing in order to produce more robust 
data for friction and wear.   
 The findings presented here emphasise the significance of this in the case of 
assessing the tribological performance of two lubricants where the differences in friction 
and wear are very small. Repeatability and reproducibility of tribological results especially 
on wear performance related to vegetable oil lubricants could also very difficult to achieve 
when hardness is assumed to be uniformly distributed on the grey cast iron specimens. 
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9.2 Achievement on Objective 2 
The friction coefficient of palm oil against grey cast iron was found to be 
competitive to the commercial mineral engine oil within 10%. However, in terms of wear, 
the mineral engine oil was far superior compared to vegetable oils (98% difference). Other 
than friction and wear, vegetable oil lubricants were also found to have lower oxidation 
stability (about 9 order in magnitude) and lower viscosity compared to mineral engine oil. 
The inferior wear performance shown by the vegetable oil lubricants is likely due to its 
inability to prevent metal-to-metal contact at severe contact conditions as a result of 
lubricant breakdown.  
In view of this, significant further work should be conducted to investigate 
improving the vegetable oil based lubricants before it is deemed feasible as an alternative 
to mineral oil in real applications. A key investigation should be to blend a commercial 
antiwear additive in vegetable oil and assess its subsequent performance. 
9.3 Achievement on Objective 3 
The addition of mineral oil to the vegetable oils improved their friction, wear and 
oxidation performance relative to pure vegetable oil. However, the tribological 
performance of vegetable oil-mineral oil blends was dominated by the tribological 
characteristics of the vegetable oil.  The addition of 50% mineral oil in the vegetable oil 
did not give a friction and wear result close to a middle value between the vegetable oil 
and mineral oil in their pure oil state. Instead, the friction and wear were biased towards 
the performance of the pure vegetable oil.  
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More specifically, the tribological performance of vegetable oil-mineral oil blends at 
an equal ratio was very poor compared to mineral oil. The nominally superior tribological 
characteristics of mineral oil failed to compensate the poor performance of the vegetable 
oil. Another method is needed particularly in improving the wear resistance of vegetable 
oil. The use of commercial antiwear additives in vegetable oil was implemented in the next 
investigation. 
9.4 Achievement on Objective 4 
The tribological performance of vegetable oils has been improved by addition of an 
anti-wear additive. The addition of 2% ZDDP in vegetable oils improved the friction (COF 
of PO differ 2 % with MO), wear resistance (mass loss improved 57% in SBO) and 
oxidative stability (oxidation time of PO improved about four order in magnitude). In 
vegetable oil-additive lubricants, the friction and wear also were not related to each other. 
The tribological performance of vegetable oil-additive blends was dependent on the 
tribological performance of its base oil. The ZD:PO gave the best friction improvement in 
vegetable oil-additive blend, the ZD:SBO performed the best in wear resistance. 
The amount of wear is inversely related to the amount of oxygen detected on the worn 
surface.  A small amount of zinc on the surface greatly improves the wear resistance. 
Although ZDDP significantly improves the tribological performance of vegetable oils, the 
function of hexagonal Boron Nitride as an antiwear additive appears to be less effective, 
possibly due to the particle size used in this study being greater than the surface roughness. 
This is an obvious area of further investigation. 
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9.5 Achievement on Project Aim 
Overall, the tribological performance showed by the biolubricants considered in this 
study indicates that the potential use of these lubricants in practical applications (e.g. 
automotive engines, industrial machines etc.) is clearly possible. However, much work is 
required before it is technically and commercially feasible. Two areas should be given 
priority; improving the wear resistance and improving the oxidative stability of vegetable 
base oil. 
9.6 Contribution to scientific knowledge and industrial field 
The scientific contribution of this work can be summarised as follows:  
1. At severe contact conditions, the pure vegetable oils could breakdown resulting 
metal-to-metal contact, severe wear and catastrophic damage to the sliding 
surfaces. This damage manifests as a wavy-shaped wear scar, as a result of plastic 
ratcheting and shakedown limit due to high contact pressure. A mechanism of 
formation for the wavy-shaped wear scar was proposed in this thesis (Section 4.5). 
 
2. The friction and wear performance shown by vegetable oils was shown to be not 
directly related to each other. Higher friction in one vegetable oil could produce 
lower wear. This could relate to the type of fatty acids in the oil. Saturated fatty 
acids (enriched in palm oil) has a linear chain and uniformly arranged on the 
surfaces and thus, provide a smoother transition during motion compared to 
unsaturated fatty acids (enriched in soybean oil). The unsaturated fatty acids have 
bent chains and are not uniformly arranged on the surface, therefore providing 
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more resistance to motion. However, the bent chains could serve as a better 
protective layer, compared to the linear chains that the saturated fatty acid has. The 
mechanisms of friction and wear for palm oil and soybean oil were proposed in this 
thesis (Section 5.3). 
 
3. The dominance of the vegetable oil in influencing the wear in vegetable oil-mineral 
oil blend was significant. The carboxylic group in the fatty acids covers the 
surfaces limiting the additive (ZDDP) to settle in efficiently on the surface and 
form a fully protective layer. The mechanisms of vegetable oil, mineral oil and 
vegetable oil-mineral oil blend in influencing wear were also proposed in this 
thesis (Section 6.3). 
The results of this study provide an important contribution to the lubrication industry 
because it has been discovered that at severe contact conditions, the commercial antiwear 
additive, ZDDP with pure vegetable oils have shown a positive response to the friction 
performance and wear resistance. This may lead to the discovery that other commercial 
additives such as friction modifier, viscosity enhancer, extreme pressure agent and 
detergent might also work efficiently with vegetable oil based lubricants. This could also 
inspire the additive manufacturers to develop “greener” additives in line with the vegetable 
oils.  
9.7 Recommendations for future work 
Based on the outcomes of this study, vegetable oils are indeed a potential candidate 
as alternative lubricants in automotive engine applications. Besides the inherent 
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advantages that they have, like renewable basestocks, biodegradablity and non-toxic oils, 
vegetable oils have shown competitiveness in friction coefficient over mineral engine oil 
and exhibited a positive response to both friction and wear resistance when treated with an 
antiwear additive. 
Research considering vegetable oils as biolubricants are continuously being 
performed with an increasing number of studies directed toward improvement being 
published. Besides, a number of improvements are already available in this field, further 
research that confirms the capability of vegetable oils in the automotive engine must be 
conducted systematically. Results from this study provide a base data for the tribological 
performance of palm oil and soybean oil, and can also be used to support the establishment 
of biolubricants from the other vegetable oils as well as encourage ongoing research on 
using renewable natural sources as alternative lubricants. Some future works to further 
evaluate the lubrication mechanism and feasibility of vegetable oil as biolubricants are 
suggested in this section which include:  
 The comparable result of friction coefficient found in this study between the ZDDP 
alone in the vegetable oil and the fully formulated MO has suggested that the fatty 
acids layer is not completely removed from the surface, but rather acting as an 
additional friction modifier. The role of ZDDP alone in the vegetable oil, however, 
was found insufficient to reduce wear equivalent to the MO. Thus, a synergistic 
effect on the combination of ZDDP and molybdenum based friction modifier at 
appropriate concentration that is implemented in the MO is believed to be 
beneficial in further reducing the friction and wear of vegetable oil.  
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 Chemical syntheses of modified vegetable oils has shown improvement in their 
tribological performance [18, 28, 35-39].  Based on the positive tribological 
response shown by the vegetable oils with antiwear additive conducted in this 
study, it is not too much to hypothesise that the behaviour of the modified 
vegetable oils combined with several other additives would also produce a positive 
impact. This can be performed by blending modified vegetable oils (chemically 
synthesis) with additive packages that are commercially used in the manufacture 
the fully formulated mineral engine oil. The results produced from the bench test 
then should be verified by testing the same lubricants in a real engine. The 
tribological, engine and emission performance should also be evaluated in order to 
strengthen the findings. 
 The lubrication mechanism served by the vegetable oils at contacting surfaces 
needs to be verified. The current theory is mainly based on the adherence of polar 
fatty acids on the surfaces to provide metal-to-metal separation [256]. In this study, 
the lubrication mechanism of two vegetable oils that gave the opposite result of 
friction and wear was proposed which is influenced by the molecular structure of 
fatty acids. In addition, the lubrication mechanisms of vegetable oil-mineral oil 
blend were also proposed which explain that the vegetable oil is dominant in 
influencing wear in the oil blend. However, these theories were proposed based on 
the limited findings found in this study. A better methodology in understanding on 
this theory is still needed. This can be performed by conducting the test using a 
series of vegetable oils which consist a range of saturated and unsaturated oil 
groups and the test can be run at variable parameters. 
 
Chapter 9 
 
244 
 The positive response of vegetable oil lubricants in this study could generate an 
interesting idea for them to be tested in other applications. To increase the 
marketability of the vegetable oil lubricants in the future, the investigation on the 
potential use of palm oil and soybean oil and their blend with additive should also 
be performed to other industrial applications such as in a manufacturing processes 
This includes the use of vegetable oils as a lubricating agent (e.g. stamping oil) and 
cooling agent (e.g metal cutting coolant). The replacement of traditional metal 
working fluids with biolubricants is likely to bring environmental benefits (e.g. 
disposal and operator health) with similar frictional performance, and their poor 
wear resistance performance is much less crucial. In metal forming operations like 
stamping, the vegetable oils performance can be evaluated in the area of interface 
friction between workpiece and tool surfaces, metal flow and tool life. While in 
metal cutting, the investigation can be performed in the area of tool life, thermal 
deformation and surface finish.  
9.8 Publications arising from this work 
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